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\a  Target  shape  estimation  in  the  context  of  inverse  scattering  from  far  fielc 
data  is  a  longstanding  problsa  of  considerabls  present  day  interest.  It  can  be 
shown  from  inverse  scattering  theory  that  multiaspect  (monostatic  or  bistatic) 
frequency  or  Impulse  response  measurements  of  the  fsr^fleld  of  a  scattering  ob¬ 
ject  can  be  used  to  access  the  3-D  Fourier  space  or  ^r-spaca  of  the  object.  Tomo- 
gjuxpfuc  or  pXOjtction  images  of  the  scattering  object  can  then  be  reconstructed 
from  th^'p-space  data  based  on  the  pAOjECfccoit-AttCE  thtOAOn  steaming  from  the 
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multidimensional  Fourier  tranefoni.  The  above  principles  embody  the  foundation  of 
3-D  tomogrephie  or  projective  ■»— g<*»g  radars  capable  of  furnishing  unprecedented 
resolution  through  a  judicial  combination  of  angular  (spatial)*  spectral*  and 
polarisation  diversity. 

During  the  period  of  this  report  efficient  methods  for  accessing  the  3-D 
Fourier  specs  of  conducting  and  dielectric  objects  were  studied  and  Implemented 
using  a  versatile  automsted  microwave  measurement  and  imaging  facility. /Tha  fa- 
cility  is  capable  of  simulating  any  innovative  or  existing  radar  Imaging  configu- 
ration  In  the  (2-18)  GHz  range  cost-effectively,  l.e. *  without  having  to  actually 
build  a  prototype  of  the  g<«g  aperture.  Polarization  diversity  and  automated 
digital  correction  of  the  scqulred  data  for  system  response  and  anecholc  chamber 
clutter  are  provided  for.  Plans  for  extending  the  capabilities  of  this  facility 
well  into  the  millimeter  range  ere  underway.  High  resolution  projection  Images  of 
complex  objects  were  obtained  for  the  first  time  from  realistic  data  collected 
with  this  facility  utilizing  wavelength  and  polarization  diversity  measurements 
in  the  (6-17)  GHz.  Three-dimensional  resolution  of  one  to  two  centimeters  was  dem¬ 
onstrated  for  both  conducting  and  dielectric  bodies  of  complex  shape.  Efficient 
accessing  of  the  Fourier  specs  was  achieved  with  the  aid  of  a  unique  tanget  dz- 
Juutd  aetfeaence  (TDK)  technique  that  can  synthesize  the  equivelent  of  a  reference 
point  on  the  target  during  data  processing.  The  many  advsntages  of  the  TDK  method 
make  the  implementation  of  3-D  tomographic  imaging  radar  concepts  practical.  Use 
of  polarization  Information  and  apprlorl  knowledge  of  object  syumetry  are  shown  to 
lead  to  image  enhancement  and  to  achieving  projection  Images  of  several  test  ob¬ 
jects*  Including  a  scale  model  of  a  B-52,with  unprecedented  resolution.  Similar 
projection  images  of  dielectric  bodies  show  the  excellent  potential  of  3-D  tomo¬ 
graphic  ^waging  techniques  in  nondestructive  evaluation  (NDE)  specially  when  thes< 
are  extended  to  the  millimeter  wave  range. 

Several  hybrid  (opto-dlgital)  3-D  image  reconstruction  and  display  methods  witl 
potential  of  real-time  operation  were  studied.  These  lead  to  the  development  of  a 
F ouaajul  c amtAA,  an  Incoherent  Fourier  transform  (F.T)  technique*  suited  for  use 
with  spatially  incoherent  scenes  including  CKT  displays.  The  method  is  opto-elec- 
tronlc  la  nature  and  is  baaed  on  the  projection-slice  theorem.  Vide  dynamic  range 
and  complex  operation  are  achieved  by  elimination  of  the  dynamic  bias  problem 
that  plagues  most  incoherent  F.T  schemes  and  by  using  two  colors  to  represent  the 
real  imaginary  parts  of  sn  input  function.  Throughputs  of  one  to  two  orders 
of  magnitude  better  than  digital  array  processors  appear  feasible. 

The  above  research  is  providing  the  foundations  of  a  new  generation  of  imaging 
radars  capable  of  yielding  3-D  image  detail  of  distant  objects  with  near  optical 
resolution  or  better  especially  when  operation  through  atmospheric  turbulence  and 
inclement  weather  is  desired. 

Also  during  the  period  of  this  report  work  was  initiated  on  the  use  of  fre¬ 
quency  diversity  in  3-D  imaging  of  incoherent  objects.  Experiments  conducted 
using  acoustical  noise  and  ctoss-spectral  power  density  measurements  have  yielded 
high  resolution  projection  image  of  e  3-D  distribution  of  acoustic  noise  emitters 
establishing  thereby  for  the  first  time  tha  validity  of  accessing  the  Fourier 
space  of  incoherent  objects  by  spectrally  selective  cross-correlation  measurement* 
This  work  has  important  implications  in  incoherent  imaging  where  the  spectral  con 
tent  of  random  wavefields  is  utilised  to  gain  information  about  the  3-D  structure 
of  the  emitting  object.  Work  in  this  area  and  on  our  Fourier  camera  ere  being 
merged  in  an  investigation  of  incoherent  imaging  systems  that  incorporate  smart 
multiaperture  systems  skin  to  those  in  the  compound  eye  of  certain  insects.  Such 
systems  have  the  promise  of  being  optimized  to  perform  certain  detection  and 
identification  tasks  better  than  traditional  imaging. 
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HIGH  RESOLUTION  FREQUENCY  SWEPT  IMAGING 


I 

|  1.  INTRODUCTION  AND  STATEMENT  OF  THE  PROBLEM  STUDIED 

j  * 

The  implementation  of  high  resolution  longwave  (microwave  and  acoustic) 

v  Inverse  scattering  or  holographic  imaging  systems  involves  measurement  of  the 

object  scattered  field  over  extended  recording  apertures  that  subtend  suffi¬ 
ciently  large  solid  angles  at  the  object.  Because  of  the  discrete  nature  of 
longwave  sensors,  only  a  sampled  version  of  the  scattered  field  distribution 
over  the  recording  aperture  can  be  recorded.  Sampling  considerations  ordinarily 
require  dense  sampling  to  avoid  retrieved  image  degradation  through  deteriora¬ 
tion  of  the  Impulse  response  and  aliasing.  The  cost  of  Implementing  such  densely 
sampled  apertures  is  at  present  quite  prohibitive  because  of  the  large  number 
and  high  cost  of  the  coherent  sensors  needed  to  form  the  aperture  specially 
for  the  imaging  of  remote  scattering  objects  where  the  extent  of  the  aperture 
required  to  yield  useful  resolution  is  quite  large  even  at  millimeter  wavelengths. 
Obviously  opefctUle  thinning  by  reduction  of  the  number  of  elements  can  be  em¬ 
ployed  to  cut  coat.  However  a  systematic  study  of  ordered  and  random  aperture 
thinning  [1],[2]  indicates  rapid  deterioration  in  resolution  and  image  quality 
with  degree  of  thinning.  The  effect  of  aperture  thinning  is  best  described  by 

it 

its  Influence  on  the  shape  and  level  of  side-lobes  of  the  impulse  response  or 

point  spread  function  of  the  aperture  [2].  It  is  generally  true  that  even  with 

w 

an  acceptable  degree  of  thinning,  where  the  deterioration  of  image  quality  is 
still  tolerable,  the  cost  of  longwave  apertures  remains  generally  high.  To 
overcome  this  constraint  we  have  proposed  and  Studied  during  the  period  of  this 
report  the  use  of  target  derived  reference  techniques  [3]-[6] , [14 ]  and  demon- 
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•traced  the  utility  of  wavelength  diversity  [3],  [4]  as  a  means  of  making  a 
highly  thinned  (sparse)  aperture  collect  more  information  about  a  scattering 
conducting  or  nondispersive  object  thus  imparting  to  the  aperture  a  resolution 
capability  better  than  would  be  possible  monochromatically  at  the  shortest 
operational  wavelength  case.  The  effect  of  wavelength  diversity  can  be  ex¬ 
plained  in  terms  of  spectral  aperture  synthesis  or  as  trade-off  between  costly 
spatial  degrees  of  freedom  associated  with  the  number  of  elements  and  the  less 
costly  spectral  degrees  of  freedom  associated  with  wavelength  diversity.  Spe¬ 
cifically  one  can  show  from  Inverse  scattering  theory  [3]-[8]  that  coherent 
multiaspect  monostatic  or  bistatic  measurements  of  the  far  field  scattered  by 
a  plane  wave  illuminated  nondispersive  object  as  a  function  of  frequency,  can 
be  used  to  access  the  3-D  Fourier  space  I*(p)  of  the  object  scattering  function 
Y(r),  r  and  p  being  3-D  position  vectors  in  object  space  and  Fourier  space,  re¬ 
spectively.  The  scattering  function  represents  the  3-D  geometrical  distribution 
and  strength  of  those  object  scattering  centers  that  contribute  to  the  measured 
field.  formalization  of  the  measured  field  for  range-phase,  clutter,  and  system 
frequency  response  leads  in  principle  to  accessing  a  finite  volume  T  (p)  of  the 
Fourier  space  T(p).  It  is  possible  then  as  shown  by  computer  simulation  in 
references  [3]  and  [4]  to  retrieve  a  <LLlfrta&bLon  and  no>c6e  limited  version  Vr> 
of  the  object  scattering  function  y(r)  by  3-D  Fourier  inversion. 

Our  research  program  in  wavelength  and  polarization  diversity  imaging  Involves 
the  analytical,  numerical,  and  experimental  evaluation  of  the  potential  and  utility 
of  the  concepts  briefly  outlined  above  for  developing  the  foundations  of  a  new 
generation  of  cost-effective  imaging  radars  capable  of  providing  3-D  image  in¬ 
formation  about  distant  scatterers  either  tomogAAphicaJtty  or  pfvojictLvzJty  with 
near  optical  resolution  or  even  better.  Such  capability  will  be  valuable  in 
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rnott  and  medium  range  object  identification  and  classification,  in  develop¬ 
ing  criteria  for  radar-cross  section  management  (enhancement  or  reduction),  in 
nondestructive  evaluation  (NDE),  and  remote  imaging  for  damage  assessment. 

To  this  end,  our  research  during  the  period  of  this  report  has  focused  on 
the  study  and  assessment  of  efficient  and  "smart"  procedures  for  data  acquisition 
employing  novel  TDK  techniques.  These  techniques  applied  in  the  6-17  GHz  regime 
have  enabled  the  accessing  of  a  single  slice  in  the  3-D  Fourier  space  of  complex 
shaped  test  objects  and  subsequent  reconstruction  of  a  projection  /mage,  of  the 
3-D  distribution  of  scattering  centers.  Unprecedented  centimeter  resolution  has 
been  demonstrated  using  realistic  data  collected  in  our  Experimental.  Uicrowave 
Imaging  facility  for  a  relatively  small  number  of  angular  "looks"  or  object 
aspect  angles.  Despite  their  excellent  quality,  these  microvave  Images  indicate 
several  avenues  for  improvement  that  have  the  potential  of  making  them  approach 
and  perhaps  exceed  the  quality  and  resolution  of  optical  and  IK  laagers  whose 
resolution  is  limited  by  turbulent  or  Inclement  atmospheric  conditions  realizing 
thereby  the  full  potential  of  wavelength  and  polarization  diversity  Imaging  tech¬ 
niques  predicted  by  theory. 

Constraints  on  accessing  the  Fourier  space  over  the  extended  volumes  required 

for  the  study  of  true  3-D  tomographic  Imaging  imposed  by  limitations  on  the 
volume  of  data  that  can  be  stored  in  and  handled  (for  example  by  our  present 
MINC  11/03  computer)  have  prompted  us  to  examine  the  concept  of  tomographic  (and 
projective)  image  retrieval  from  incomplete  Fourier  space  data  [9]  whereby  the 
Fourier  space  of  the  scatterer  is  accessed  over  a  curved  surface  instead  of  over 
a  volume  as  would  ordinarily  be  needed  In  order  to  retrieve  3-D  object  detail. 

The  results  (see  Appendix  V)  pave  the  way  for  a  realistic  way  of  studying  3-D 
tomographic  g'*"g  of  scale  models  of  aerospace  and  other  man  made  objects 
from  actual  data  collected  in  our  anecholc  chamber  measurement  facility. 


-3- 


During  the  proceeding  period  of  the  program  the  emphasis  has  mainly  been 
on  the  development  of  static  stepped  frequency  measurement  techniques  suitable 
for  use  in  automated  measurements  of  objects  that  are  stationary  while  the  data 
is  being  collected.  Dynamic  frequency  swept  data  acquisition  techniques  are 
needed  in  the  imaging  of  moving  targets.  We  have  started  the  study  of  such 
dynamic  methods  and  these  will  be  receiving  increased  attention  in  our  work. 

These  are  being  developed  for  use  in  demonstrating  near  optical  microwave  imagery 
of  for  example  a  passing  aircraft. 

The  thrust  of  our  research  in  wavelength  and  polarization  diversity  in  the  fu¬ 
ture  will  therefore  be  aimed  at  the  study  and  development  of  efficient  dynamic  data 
acquisition  techniques  that  can  be  applied  outside  the  confines  of  the  laboratory 
and  on  the  detailed  study  of  methods  of  improving  image  quality  which  include  the 
use  of  a  pnJjOfu.  knowledge  and  robust  (noise  tolerant)  deconvolution  for  image 
enhancement  and  restoration.  The  fact  that  the  3-D  accessed  Fourier  space  data 
can  be  reduced  in  dimensionality  to  2-D  or  1-D  through  the  application  of  the 
projection-slice  theorem  will  allow  the  study  and  comparison  of  the  effective¬ 
ness  of  1-D  and  2-D  enhancement  and  restoration  methods.  In  fact,  reduction  of 
dimensionality  is  proving  to  be  a  most  useful  and  powerful  tool  in  our  research 
in  image  understanding  and  processing. 

An  analysis  of  the  point-spread  function  (PSF)  of  idealized  wavelength  di¬ 
versity  imaging  systems  shows  that  considerable  advantages  of  Improved  resolution  and 
speckle  suppression  can  be  obtained  by  Increasing  the  spectral  range  beyond  the  6-17 
GHz  range  utilised  so  far  in  our  experimental  studies.  This  is  expected  however  to 
lead  in  practice  to  situations  where  spectral  information  can  be  collected  only 
over  separate  non  overlapping  segments  of  the  overall  spectral  window  desired  where 
high  power  sources,  receivers  and  other  gear  are  available.  A  segmented  spectral 
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window  will  Chen  result  leading  Co  the  accessing  of  the  Fourier  space  over  un¬ 
connected  regions.  The  feasibility  of  using  robust  Interpolation  methods  to  "fill 
In"  the  data  In  the  missing  bands  will  therefore  be  considered  in  our  future  research. 
The  experimental  counterpart  of  this  future  research  requires  extending  the  lower 
frequency  bound  of  our  measurement  system  down  to  2  GHz  or  lower  and  the  upper  bound 
Initially  to  40  GHz.  Reducing  the  lower  bound  of  our  system  from  6  GHz  to  2  GHz  is 
particularly  important  for  supressing  certain  resonance  effects  apparent  in  the  images 
retrieved  so  far,  while  increasing  the  upper  bound  will  lead  to  visualization  of 
finer  detail  of  the  test  objects  utilized  in  our  studies.  The  net  effect  is  expected 
to  be  a  dramatic  improvement  of  image  quality  beyond  the  good  images  of  Laboratory 
scale  objects  already  obtained  and  to  better  prediction  of  the  imaging  performance 
of  broadband  microwave  systems  with  real-world  objects. 

To  fully  utilize  the  3-D  Imaging  capabilities  of  wavelength  and  polarization  di¬ 
versity  imaging  we  have  been  also  concerned  with  the  study  of  high  speed  hybrid 
(opto-digltal)  computing  as  a  means  for  true  3-D  image  reconstruction  and  dis¬ 
play.  The  ability  to  display  a  true  3-D  image  is  extremely  important  for  ex¬ 
ploiting  full  potential  of  the  human  eye-brain  system  in  recognition  specially 
when  the  number  of  the  3-D  distributed  microwave  scattering  centers  on  a  visualized 
target  is  limited.  One  hybrid  computing  scheme  being  studied  (see  Appendix  VI) 
is  based  on  carrying  out  a  series  of  2-D  optical  Fourier  transforms  of  weighted, 
projection  hologram, corresponding  to  different  slices  of  the  object,  at  very  high 
frame  rates  employing  incoherent  light.  The  ability  to  perform  2-D  fourier 
transforms  of  natural  scenes  at  high  speed  with  this  scheme  provides  a  new  means 
of  3-D  image  formation  based  again  on  the  projection-slice  theorem  which  will  be 
considered  also  in  our  future  work  in  addition  to  our  research  in  3-D  incoherent 
-tug-tng  techniques  based  on  spectrally  selective  cross-correlation  measurements 
(see  Appendix  IX).  Both  of  the  above  aspects  of  our  research  are  leading  our 
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research  to  the  consideration  of  multiaperture  systems  capable  of  performing 
specific  remote  sensing  tasks  with  high  efficiency  as  in  certain  biological 
systems  [10], [11]. 


2.  SUMMARY  OF  IMPORTANT  RESULTS 


The  research  program  covered  by  this  final  report  was  initiated  to  study 
and  develop  optimal  data  acquisition  and  image  reconstruction  procedures  suit¬ 
able  for  use  in  inverse  scattering  and  three-dimensional  microwave  imaging  by 
wavelength  and  polarization  diversity.  Important  findings  and  accomplishments 
of  the  program  and  conclusions  that  can  be  drawn  from  them  are  summarized  below. 
Details  are  found  in  Appendices  I  to  XI. 

(a)  The  first  centimeter  resolution  microwave  projective  and  tomographic 
imagery  of  scattering  centers  of  a  complex  conducting  target  from  data  measured 
utilizing  frequency,  angular,  and  polarization  diversity  techniques  Is  demonstrated. 
This  is  achieved  with  realistic  microwave  scattering  data  obtained  with  a  versa¬ 
tile  experimental  microwave  imaging  facility  consisting  of  a  network  analyzer 

that  was  designed,  assembled  and  Installed  in  an  anechoic  chamber  environment 
under  partial  support  from  this  program.  A  variety  of  test  targets  are  utilized 
in  the  study  ranging  from  simple  to  complex  shaped  targets.  Digital  signal  pro¬ 
cessing  techniques  are  employed  in  the  preprocessing  and  image  retrieval. 

(b)  Several  TDR  (target  derived  reference)  schemes  were  conceived  and 
evaluated  for  the  purpose  of  removing  the  range-phase  term  from  the  collected 
data  to  facilitate  accessing  the  3-D  Fourier  space  of  the  scatterer.  One  of 
these  involving:  (i)  precise  range  estimation  from  each  coherent  T/R  (trans¬ 
mitter/receiver)  station  interrogating  the  target  from  different  aspects  to  a 
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prominent  visible  scattering  center  on  the  target  or  to  a  scattering  centroid, 
and  (il)  use  of  successive  cross-correlation  of  adjacent  angular  records  for 
fine  phase-adjustment  "phase  tweeking",  was  shown  to  be  practical  enabling  the 
retrieval  of  Imagery  with  unprecedented  resolution. 

(c)  Microwave  image  reconstruction  using  a  filtered -back  projection 
scheme  as  opposed  to  the  Fourier  inversion  scheme  was  studied  and  demonstrated 
for  the  first  time  in  microwave  imaging. 

(d)  Three-dimensional  imaging  of  dielectrics  was  studied  and  demonstrated 
in  the  context  of  non-destructive  evaluation. 

(e)  The  utility  of  our  microwave  measurement  facility,  not  only  in  micro- 
wave  imaging  studies,  but  also  as  a  versatile  tool  for  characterizing  and  evalu¬ 
ating  the  performance  of  microwave  components  and  devices  such  as  antennas,  ampli¬ 
fiers,  modulators  ...  etc.,  and  in  Instrument  calibration  over  a  wideband  of  fre¬ 
quencies  covering  2-18  GHz  range  was  established. 

(f)  High  quality  images  were  obtained  using  digital  image  reconstruction 
algorithms  based  on  far  field  inverse  scattering  considerations  under  the  physical 
optics  and  Born  approximations.  These  demonstrate  that  the  physical  optics 
scattering  regime  can  furnish  a  viable  approach  for  imaging  the  scattering  centers 

of  an  object. 

(g)  The  multiaspect  frequency  response  data  used  in  image  formation  were 
obtained  from  far  field  measurements  done  without  having  to  maintain  phase  co¬ 
herence  from  one  frequency  response  measurement  to  another.  This  has  important 
implications  when  multi-aspect  Interrogation  of  the  scatterer  with  an  array  of 
widely  spaced  broadband  monostatic  coherent  transmitter/receiver  stations  is  em¬ 
ployed  as  the  mode  for  data  acquisition.  It  means  that  maintenance  of  phase  co¬ 
herence  between  the  sources  at  the  various  stations  is  not  essential  during  data 
acquisition.  The  phase  coherence  is  Introduced  through  the  TDR  technique  during  data 
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processing.  This  eliminates  the  need  for  reference  signal  distribution  networks 
which  are  known  to  be  a  major  obstacle  in  the  realization  of  giant  microwave  co¬ 
herent  imaging  apertures  because  of  economical  and  practical  constraints  on  their 
Implementation  and  is  expected  to  considerably  reduce  atmospheric  phase  distortions 
and  doppler  effects  in  wavelength  diversity  Imaging  of  remote  moving  targets. 

(h)  A  study  of  phase  retreival  from  amplitude  data  in  the  context  of  in¬ 
verse  scattering  and  wavelength  diversity  imaging  was  conducted  because  of  the 
great  simplicity  of  measuring  amplitude  alone  instead  of  amplitude  and  phase. 

It  is  found  that  the  individual  frequency  responses  of  a  scatterer  are  CjOUACUL 
but  not  mirumum  phcue..  As  a  result  phase  retreival  from  amplitude  through  the 
Hilbert  transform  does  not  appear  to  be  viable.  Preliminary  results  of  a  digital 
simulation  show  however  that  phase  information  retreived  from  multiaspect  amplitude 
responses  of  a  test  object  consisting  of  a  collection  of  point  scatterers  yields 
the  correct  image  plus  additional  spurious  detail.  Further  investigation  of 

this  aspect  of  our  study  is  planned. 

(i)  The  Fourier  domain  slice  data  accessed  by  the  microwave  imaging  sys¬ 
tem  described  in  our  work  (see  Appendix  VIZ)  is  identical  to  the  Fourier  domain 
data  that  one  might  access  in  the  inverse  SAR  geometry  of  Fig.  2  (a)  of  Appendix 
VII  or  the  imaging  radar  network  geometry  of  Fig.  2  (b)  of  Appendix  VII.  The 
equivalence  of  the  latter  two  geometries  can  be  verified  by  drawing  the  p-space 
sampling  format  for  these  equivalent  geometries  to  find  that  they  are  identical 
since  both  access  the  p-space  of  the  scatterer  over  the  same  range  of  aspect  angles 
one  doing  so  sequentially  in  time  as  the  scatterer  progresses  in  its  flight  and  the 
other  acquiring  the  same  data  all  at  once.  The  question  of  p-space  data  acquisition 
in  the  presence  of  scatterer  motion  is  not  discussed  in  our  reported  work  since 

the  emphasis  has  been  on  imagery  of  stationary  scatterers  in  an  anechoic  chamber 
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environment .  As  mentioned  earlier  a  study  of  accessing  the  p-space  of  a  scatterer 
in  the  presence  of  relative  motion  is  currently  underway. 

(j)  Because  the  TDK  technique  results  in  a  recording  configuration  similar 
to  that  of  a  lensless  Fourier  transform  hologram,  the  resolution  and  spacial 
sampling  requirement  from  the  recording  device  (recording  aperture)  are  greatly 
relaxed.  This  leads  to  significant  reduction  of  the  number  of  receiving  elements 
in  the  recording  aperture  that  are  needed  to  achieve  good  image  quality. 

(k)  Because  in  addition  to  being  dependent  on  geometry  the  dimensions  of 
the  acquired  three-dimensional  data  manifold  in  p-space  are  dependent  on  the 
spectral  range  of  the  incident  wave,  super-resolution  (i.e.,  resolution  beyond 
the  classical  limit  of  the  available  physical  aperture)  is  achieved.  This  aper¬ 
ture  synthesis  by  frequency  diversity  further  helps  in  cutting  down  array  cost, 
since  a  highly  thinned  array  aperture  can  be  used  to  frequency  synthesize  a 
larger  array  with  higher  filling  factor. 

(l)  One  of  the  significant  accomplishments  of  this  phase  of  our  program 
has  been  the  use  of  a  vector  reformulation  of  inverse  scattering  in  an  experi¬ 
mental  demonstration  of  frequency  diversity  imaging  that  accounts  f*»lly  for 
the  vector  nature  of  the  electromagnetic  field  and  provides  therefore  ways  in 
which  polarization  diversity  can  be  utilized  to  Improve  image  quality. 

(m)  Customarily,  the  scattering  function  y(r)  (see  Appendix  VII)  is 
Identified  as  the  scattering  function  of  the  object^  defined  when  the  object  is 
perfectly  reflecting,  as  unity  within  it  and  zero  outside  [7], [8].  The  results 
presented  in  Appendix  VII  show  that  in  practice  y(r)  can  assume  zero  values  on 
those  parts  of  scatterer's  surface  that  are  not  seen  by  the  imaging  system  (i.e., 
do  not  scatter  radiation  in  the  direction  of  the  observation  points  but  rather 
scatter  it  specularly  away  from  them) .  An  example  is  found  in  the  case  of  the 
flat  wing  sections  and  other  gross  detail  in  imagery  presented  in  Appendix  VII. 


(n)  The  data  collected  by  a  thinned  array  of  coherent  receivers  inter¬ 
cepting  the  wave field  scattered  from  a  distant  target,  as  the  frequency  of  its 
illumination  and/or  its  direction  of  Incidence  is  changed,  can  be  stored  as  a 
three-dimensional  data  manifold  in  Fourier  domain  from  which  a  3-D  image  of  the 
target  can  be  retrieved  by  means  of  (i)  a  three-dimensional  Fourier  transform, 
(ii)  a  sequence  of  two-dimensional  Fourier  transforms  based  on  the  weighted 
Fourier  projection  theorem,  or  (iii)  a  sequence  of  one-dimensional  Fourier 
transform  and  using  the  filtered-back-projection  theorem.  The  PSF  (Point 
Spread  Function)  is  spatially  variant  since  the  size  and  shape  of  the  three- 
dimensional  data  manifold  in  p-space  and  therefore  the  PSF  and  resolution  will 
depend  on  the  relative  positions  between  the  target,  transmitter  and  receiving 
array  and  also  on  the  spectral  range  of  the  illumination  utilized. 

(o)  Assuming  the  scattering  process  is  linear,  the  frequency  response 
of  a  scatterer  is  related  to  the  impulse  response  by  a  Fourier  transform.  This 
means  that  when  Impulse  illumination  is  utilized,  instead  of  frequency  swept 
illumination,  a  three-dimensional  manifold  in  p-space  may  be  generated  by 
Fourier  transforming  the  far  field  impulse  response  measured  at  each  receiver, 
correcting  for  unequal  delay  times,  and  storing  the  result  in  p-space  of  the 
object  at  the  values  of  p  accessed  by  each  receiver.  The  image  reconstruction 

algorithms  utilized  in  our  work  and  referred  to  earlier  can  then  be  used  to  yield 
three-dimensional  image  information.  Time  domain  inverse  scattering  concepts 
as  extensively  studied  for  example  by  Moffatt  [12]  and  Bennett  [13]  are  then 
applicable. 

(p)  Projection  Imagery  of  characteristic  highlights  or  scattering  centers 
of  complex  shaped  targets  of  the  kind  employed  in  our  work  is  shown  to  provide 
sufficient  geometrical  Image  detail  to  enable  target  classification  and  identifi¬ 
cation  which  is  the  goal  in  a  modern  imaging  radar  system. 


(q)  The  centimeter  resolution  referred  to  in  item  (a)  is  demonstrated 
through  the  use  of  frequency  diversity  in  the  6-17  GHz  range  and  angular  di¬ 
versity  over  90*  (polarisation  diversity  that  combines  two  orthogonal  states  of 
polarizations  in  the  data  acquisition  can  also  be  used)  and  through  the  use  of 
digital  image  reconstruction  and  enhancement  algorithms.  Excellent  microwave 
image  quality  is  obtained  from  data  contained  in  a  single  finite  slice  of  the 
Fourier  domain  accessed  in  a  polar  format  of  128  equally  spaced  radial  lines 
covering  an  angle  of  90*  with  each  radial  line  containing  128  complex  data 
points  covering  a  spectral  window  of  6-17  GHz.  A  study,  of  the  effect  of 
angular  aperture  reduction  and  thinning,  shows  that  reducing  the  number  of  radial 
lines  (angular  looks)  covering  the  90*  angular  aperture  from  128  to  32 

causes  little  change  in  image  quality  while  narrowing  the  angular  aperture 
to  45*  does  not  degrade  the  luge  quality  to  a  degree  that  renders  it  un¬ 
recognizable. 

(r)  The  retrieved  image  is  nearly  free  of  speckle  noise  which  plagues 
conventional  coherent  imaging  systems.  Speckle  noise  suppression  is  attributed 
to  frequency  diversity  which  tends  to  suppress  and  smooth  out  the  side-lobes  of 
the  impulse  response  (or  PSF)  of  a  coherent  imaging  system  making  it  behave 
thereby  like  a  speckle-free  incoherent  imaging  system  as  discussed  in  Appendix  X. 

(s)  The  range  resolution  of  the  wavelength  diversity  imaging  process 
studied  in  our  work  will  not  deteriorate  with  range  to  the  target,  as  long  as 
signal-to-noise  ratio  and  the  extent  of  the  spectral  and  angular  (aspect) 
windows  utilized  are  preserved.  This  lends  credence  to  the  proposal  of  cost- 
effective,  extremely  broadband  coherent  radar  networks  composed  of  several  tens 
of  stations  distributed  over  continental  distance  for  use  in  the  imaging  and 
identification  of  aerospace  targets  with  centimeter  resolution.  Such  resolution 
may  surpass  the  capability  of  conventional  optical  system  whose  resolution,  un- 


like  microwave  systems.  Is  severely  degraded  by  atmospheric  turbulance. 

(t)  Linear  and  nonlinear  digital  Image  processing  using  a  priori  and  a 
posteriori  knowledge  can  be  applied  to  modify  the  original  reconstructed  image  to 
an  enhanced  version  more  informative  subjectively  pleasing  to  the  observer.  This 
indicates  that  a  powerful  Image  processor  is  a  necessary  tool  for  the  future  re¬ 
search  work  in  the  M.O./E.O.  Laboratory.  In  the  future  this  will  be  achieved  by 
connecting  our  MINC  11/2  computer  to  a  VAX  750  made  accessible  to  our  work  by  the 
Artificial  Intelligence  and  Robotics  Laboratory  of  the  Moore  School. 

(u) '  The  techniques  developed  demonstrate  that  microwave  tomographic 
Imaging  systems  can  be  used  in  the  study  of  not  only  conducting  scatterers 
but  also  dielectric  objects  for  non-destructive  evaluation. 

(v)  The  results  of  the  tomographic  imagery  presented  in  this  report  show 
that  more  research  work  is  necessary  in  studying  recording  geometries  and 
Image  processing  in  order  to  present  a  three-dimensional  tomographic  image  cost- 
effectively,  for  example  through  the  use  of  inverse  convolution  (deconvolution) 
techniques  that  can  remove  the  effect  of  the  FSF  of  the  p-space  accessed  by 
the  highly  thinned  semi-circular  apertures  considered  in  Appendix  V. 

(w)  The  microwave  imaging  approach  studied  in  our  work  has  the  potential 
of  being  implementable  in  a  real-time  microwave  Imaging  radar  with  the  aid  of 
advanced  microwave  instrumentation  such  as  comb  generators,  channelised  receivers, 
mono pulse  trackers,  and  array  processors  and  coherent  and  noncoherent  hybrid 
(opto-digital)  computing  devices  that  have  the  potential  for  furnishing  true  3-D 
Image  display. 

(x)  The  concepts  of  3-D  tomographic  and  projective  imaging  by  wavelength 
and  angular  diversity  studied  extensively  in  our  work  are  extendable  to  inter¬ 
ferometric  Imaging  of  3-D  incoherent  objects  (see  Appendix  XI).  Preliminary  ex¬ 
perimental  results  obtained  using  ultrasound  are  extremely  encouraging.  These 


lay  Che  foundation  for  passive  Imaging  radiometers  in  which  the  spectral  degrees 
of  freedom  of  the  random  wave-field  generated  by  the  object  can  be  utilized  to 
obtain  3-D  detail. 

He  conclude  this  section  by  noting  several  areas  of  application  which  would 
benefit  from  the  findings  reported  here  when  either  microwave  or  acoustical 
radiations  are  utilized. 

(a)  Construction  of  images  of  distant  aero-space  objects,  surface  vessels, 
and  submerged  objects. 

(b)  Nondestructive  evaluation  of  dielectric  products  and  materials. 

(c)  Detection  and  identification  of  buried  objects. 

(d)  Biomedical  imaging  of  tumors  for  medical  diagnosis. 

(e)  Active  or  passive  remote  sensing  for  resource  identification, 
recovery,  and  management. 

(f)  Prediction  of  storms  and  tornados. 

(g)  Analysis  and  synthesis  of  microwave  networks. 

(h)  Speech  analysis. 
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ABSTRACT 

A  aethod  for  the  three  dimensional  imaging  of  objects  by  wave- 
vector  diversity  (frequency  and  viewing  and/or  illumination  angle 
diversity)  ia  analyzed  using  a  Fourier  Optics  approach.  The  anal¬ 
ysis  is  applicable  to  two  classes  of  objects  of  practical  Interest 
namely  weakly  scattering  objects  and  perfectly  reflecting  objects. 
It  is  shown  that  under  frequency  swept  plane  wave  illumination  the 
data  collected  by  an  array  of  receivers  deployed  in  the  far  field 
of  the  object  represents  a  3-D  data  manifold  that  is  within  a 
quadratic  phase  factor  equal  to  the  3-D  Fourier  transform  of  the 
object  function.  Methods  for  removal  of  the  quadratic  phase  factor 
which  otherwise  can  lead  to  image  distortion  are  discussed.  By  in¬ 
voking  Fourier  domain  projection  theorems  we  show  that  the  dis¬ 
tortion  corrected  3-D  data  manifold  can  yield  a  reconstruction  of 
the  object  slice  by  slice  or  all  at  once  using  Integral  holography. 
Similarities  between  wave-vector  diversity  imaging  and  possible 
"imaging"  features  in  certain  cetacean  and  in  the  bat  are  pointed 
out. 


1.  INTRODUCTION 

The  development  of  longwave  (acoustic  or  microwave)  holo¬ 
graphic  Imaging  systems  possessing  resolution  and  image  quality 
approaching  those  of  optical  systems  is  hampered  by  three  factors: 
(a)  prohibitive  cost  and  size  of  longwave  imaging  apertures,  (b) 
inability  to  view  a  3-D  image  as  in  optical  holography  and  (c)  de¬ 
gradation  of  image  quality  by  speckle  noise  because  of  the  low 
numerical  apertures  attainable  with  present  techniques.  For  ex- 
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ample,  a  longwave  Imaging  aperture  operating  at  a  wavelength  of 
3  cm  should  be  about  3  km  in  size  in  order  to  achieve  image  re¬ 
solution  comparable  to  an  ordinary  photographic  camera.  In 
addition  to  inconvenient  size,  the  cost  of  filling  such  a  large 
aperture  with  suitable  coherent  sensors  is  clearly  prohibitive. 
Furthermore,  recall  that  in  conventional  longwave  holography  when 
optical  image  retrival  is  utilized,  it  is  necessary  to  store  the 
longwave  hologram  data  (fringe  pattern)  in  an  optical  transparency 
suitable  for  processing  on  the  optical  bench  using  laser  light. 

In  order  to  avoid  longitudinal  distortion*  of  the  reconstructed 
image,  the  size  of  the  optical  hologram  replica  must  be 
m  («  Along/ Alaser)  times  smaller  than  the  longwave  recording  aper¬ 
ture.  For  the  example  cited  earlier,  this  means  an  optical  holo¬ 
gram  replica  of  less  than  a  millimeter  in  size.  It  is  certainly 
not  possible  to  view  a  virtual  3-D  image  through  such  a  minute 
hologram  even  with  optical  aids  since  these  tend  to  introduce  their 
own  longitudinal  distortion.  As  a  result,  longwave  holographers 
have  long  learned  to  forgo  3-D  Imagery  and  settled  Instead  for  2-D 
imagery  obtained  by  projecting  the  reconstructed  real  image  on  a 
screen.  This  permits  lowering  of  the  reduction  factor  m  and  con¬ 
sequently  lowering  of  the  resolution  requirements  of  the  photo¬ 
graphic  film.  This  permits  in  turn  the  use  of  highly  convenient 
Polaroid  transparency  film  for  preparation  of  the  optical  hologram 
replica.  Because  of  the  small  size  (measured  in  wavelength)  of 
longwave  apertures  attainable  in  practice  and  the  above  method  of 
viewing  the  real  image,  speckle  noise  is  always  present  leading 
to  degradation  in  image  quality. 

In  this  paper  we  describe  and  analyze  an  imaging  method  that 
utilizes  wave-vector  diversity  (frequency  and  viewing  and/or 
illumination  angle  diversity)  that  circumvents  the  limitations 
discussed  above.  It  is  worthwhile  to  point  out  that  our  studies  of 
wave-vector  diversity  imaging  (or  frequency  swept  Imaging)  are 
motivated  to  a  large  extent  by  evidence  of  super-resolved  "imaging" 
capabilities  by  frequency  sweeping  in  certain  cetacean  and  in  the 
bat  which  are  known  to  use  frequency  swept  signals  in  their  "sonar". 
He  first  present  the  theoretical  principles  of  the  method. 
Fourler-domain  projection  theorems  are  discussed  next  and  utilized 
to  illustrate  the  ability  of  the  method  to  provide  3-D  image  infor¬ 
mation.  This  is  followed  by  a  presentation  of  the  results  of  a 
computer  simulation.  Finally  the  features  of  wave-vector  diversity 
Imaging  are  simarized  and  the  similarities  to  "imaging"  procedures 
in  the  dolphin  and  in  the  bat  are  pointed  out. 


*Longltndlnal  distortion  causes  for  example  the  image  of  a  sphere  to 
appear  elongated  in  the  range  direction  like  a  very  long  ellipsoid. 
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2.  ANALYTICAL  CONSIDERATION 

In  this  section  we  present  e  Fourier-Optlcs  analysis  of  wave- 
vector  diversity  imaging  first  of  a  two  diaensional  object  in  which 
there  is  no  restriction  on  the  object  orientation  relative  to  the 
transmitter  and  the  receiver.  This  is  followed  by  extension  to 
three  diaensional  objects. 

Consider  an  isolated  planar  object  of  finite  extent  with 
reflectivity  D(pQ),  where  is  a  two  diaensional  position  vector 

in  the  object  plane  (Xo,y0).  The  object  is  illuminated  as  shown 

in  Figure  1(a)  by  a  coherent  plane  wave  of  unit-amplitude  and  of 
wave  vector  •  k  lg  produced  by  a  distant  transmitter  located 

at  Up.  The  wavefield  scattered  by  the  object  is  monitored  at  a 
distant  receiver  at  Kg  lying  in  the  far  field  region  of  the  object. 
The  position  vectors  pQ,  Rj  and  Rg  are  measured  from  the  origin  of 
a  cartesean  coordinate  system  (.x0,y0,z0)  centered  on  the  object. 

The  object  is  aasuaed  to  be  nondlspersive  i.e. ,  D  is  independent  of 
k.  .However,  when  the  object  is  dispersive  such  that  D(p0,k)  » 
(p^DjCk)  and  D2(k)  is  known,  the  analysis  presented  here  can 

easily  be  modified  to  account  for  such  object  dispersion  by  correct¬ 
ing  the  data  collected  as  k  is  changed  for  D2OO  - 

Referring  to  Figure  1(a)  and  Ignoring  polarization  effects, 
the  field  amplitude  at  R^  caused  by  the  object  scattered  wavefield 
may  be  expressed  as, 

'  '»  „p  «> 

rR  K0 

where  dpo  is  an  abbreviation  for  dXQdy0  and  the  integration  is 
carried  out  over  the  extent  of  the  object.  Noting  that 

f j  ■  Pc  -  Rj,  Rt  “  -Rylg^  and  using  the  usual  approximations  valid 

2  -  — 

here:  rR  -  Rg  +  Pc/2Rg  -  lg  .  pe  for  the  exponential  in  (1)  and 
rg  2.  Rr  for  the  denominator  in  (1)  where  lg  “  Rg/Rg  and  lg^  -  kj/k 
are  unit  vectors  in  the  Rg  and  k^  directions  respectively,  one  can 
write  eq.  (1)  as. 


*(k,  Rg) 


e~jk(Rf  + 


/D(Po)  e"j  P  *  Po  dpo> 


(2) 
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Transmitter 


Geometry  for  Wave-Vecfor  Diversity  Imaging  of  (a)  a  two 
dimensional  object  and  (b)  three  dimensional  object  show¬ 
ing  a  meridonal  slice. 
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where  we  have  used  the  fact  that  the  observation  point  is  in  the 
far  field  of  the  object  so  that  exp  (-j  kr/2R,.)  under  the  Integral 

sign  can  be  replaced  by  unity.  In  eq.  (2),  p  ■  k  (lg^  -  Ig)  ■ 
p  1  +  p  1  +  p  lzlsa  three  dimensional  vector  whose  length 

xx  y  y  * 

and  orientation  depend  on  the  wavenunber  k  and  the  angular  positions 
of  the  transmitter  and  the  receiver.  For  each  receiver  and/or 
transmitter  present,  p  indicates  the  position  vector  for  data 
storage.  An  array  of  receivers  for  example_would  yield  therefore 
as  k  is  changed  (frequency  diverslty)or  as  k  (-kl^ , )  is  charged 
(wave-vector  diversity)  a  3-D  data  manifold.  The  projection  of 
this  3-D  data  manifold  on  the  object  plane  yields  tj;(k,R^)  because 

P  .J50  -  Pt  •  Po  "  Pxxo  *  Pyyo  where  Px  “  k<ik1  ~  1r)x  and  Py  “ 
k(lkj  ~  lft)y  are  the  cartesian  components  of  the  projection  pc  of  p 
on  the  object  plane.  Accordingly  eq.  (2)  can  be  expressed  as, 

..  +  V  e^V.^yV 

^(k,®R>  *  2*1^  /D<Xo.y0)  dx0dy0 


(3) 

Because  of  che  finite  extent  of  the  object,  infinite  limits  can  be 
assumed  and  the  Integral  in  (3)  is  recognized  as  the  two  dimensional 
Fourier  transform  D(px,  Py)  of  D(x ,  y0).  It  is  seen  to  be  depen¬ 
dent  on  the  object  reflectivity  function,  the  angular  positions  of 
the  transmitter  and  the  receiver,  and  on  the  values  assumed  by  the 
wavenumber  k  but  is  entirely  independent  of  range.  Data  containing 

A* 

D  can  thus  be  collected  by  varying  these  parameters.  The  range  in¬ 
formation  is  contained  solely  in  the  factor  F  -  k  exp  [-jk(IL-  +  R_) J 
/2iBg  preceedlng  the  Integral.  The  field  observed  at  g  has  thus* 

been  separated  into  two  terms  one  of  which,  D,  contains  the  lateral 
object  information  and  the  other,  F,  contains  the  range  information. 
The  presence  of  F  in  eq  (3)  hinders  the  Imaging  process  since  it 
complicates  data  acquisition  and  if  not  removed,  gives  rise  to 
image  distortion  because  Rg  is  generally  not  the  saae^for  all  re¬ 
ceivers.  To  retrieve  an  image  of  the  object  via  a  2-D  Fourier 
transform  of  eq.  (3)  (what  can  be  carried  out  optically),  the  factor 
F  must  first  be  eliminated.  This  operation  yields  D  over  a  two 
dimensional  region  in  the  px>  Py  plane.  The  size  of  this .region, 
which  determines  the  resolution  of  the  retrieved,  image 2 'depends  on 
the  angular  positions  of  the  transmitter  and  the  receiver  and  on 
the  values  assumed  by  k,  i.e.  the  width  and  position  of  the  spectral 
window  employed.  The  later  dependence  on  k  implies  super-resoiutlon 
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Imaging  capability  because  of  the  frequency  synthesized  dimension 
of  the  3-D  data  manifold  generated.  Because  of  the  dependence  of 
resolution  on  the  relative  positions  of  the  object,  the  trans¬ 
mitter,  and  receiver  (or  receiver  array),  the  impulse  response  is 

clearly  spatially  variant.  In  fact  a  receiver  situated  at  R_  for 
which  ft  is  normal  to  the  object  plane  can  not  collect  any  lateral 
object  Information  because  for  this  condition  (p  .  PQ  ■  0)  the 
Integrals  in  (2)  and  (3)  yield  a  constant. 

Such  a  receiver  is  located  in  the  direction  of  specular  re¬ 
flection  from  the  object  where  the  diffraction  pattern  is  sta¬ 
tionary  i.e.  does  not  change  with  k.  In  this  case  the  observed 
field  is  solely  proportional  to  F  containing  thus  range  infor¬ 
mation  only.  Obviously  this  case  can  easily  be  avoided  through  the 
use  of  more  than  one  receiver  which  is  required  anyway  when  2-D  or 
3-D  objects  resolution  is  sought. 

Several  methods  for  the  elimination  of  F  from  the  collected 
data  appear  possible.  These  include:  (a)  By  furnishing  a  target 
derived  reference  (TDR)  to  the  receivers  by  means  of  Porter's 
method  (3)  (b)  By  optical  filtering  (4)  ,  (c)  By  high  speed  analog- 

to-digitul  conversion  and  storage  of  the  signals  detected  by  re¬ 
ceivers  that  are  furnished  with  a  common  reference  signal  derived 
from  or  phase-locked  to  the  transmitter.  In  this  later  case,  di¬ 
gital  correction  for  F  can  then  be  performed  using  aprlori  know¬ 
ledge  (obtained  by  other  Independent  means)  of  kg  *or  each  re¬ 
ceiver.  The  most  attractive  of  these,  the  TDR  method,  is  currently 
under  experimental  study. 

The  analysis  presented  here  can  be  extended  to  three  dimen¬ 
sional  objects  by  viewing  a  3-D  object  as  a  collection  of  thin 
meridonal  slices  (see  Fig.  1  (b))  each  of  which  represents  a  two 
dimensional  object  of  the  type  analyzed  here.  With  the  n-th  slice 
we  associate  a  cartesean  coordinate  system  x0,  y^,  z0  that  differ 
from  other  slices  by  rotation  about  the  common  Xq  axil.  Since  the 
vectors  p,  Rj  and  Rg_are  the  same  in  all  n-coordinate  systems, 
eq  (3)  holds.  ^(k.Rx)  is  than  obtained  from  projection  of  the 
three  dimensional  data  manifold  collected  for  the  3-D  object  on  the 
Xg,  yon  plane  associated  with  the  n-th  slice.  An  imsge  for  each 
slice  can  then  be  obtained  as  described  before.  An  Inherent 
assumption  in  this  srgunent  is  that  all  slices  are  illuminated  by 
the  same  plane  wave.  This  is  a  reasonable  approximation  when  the 
3-D  object  is  weakly  scattering  and  the  Born  approximation  is 
applicable  or  when  the  3-D  object  is  perfectly  reflecting  and  does 
not  give  rise  to  multiple  reflections  between  its  parts.  In  the 
later  case  the  two  dimensional  meriodnal  slices  D„  (PQ_ )  deterior¬ 
ate  into  contours,  such  ss  C  in  Fig.  1(b)  defined  by  tie  inter¬ 
section  of  the  meridonal  planes  with  the  illuminated  portion  of 
the  -surface  of  the  object. 
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Accordingly  vt  can  write  for  the  n-th  aeridonal  slice  or  contour. 

-jp.PG 

<Mk)  -  F  /  D  (p  )  e  n  dp  (A) 

n  BO- 

n  n 

He  cen  regard  OqCP^)  *•  the  n-th  aeridonal  slice  or  contour  of  a 

three  dlaenslonal  object  of  reflectivity  U(r)  where  r  is  a  three 

diaensional  position  vector  in  object  space.  This  means  that 

D  (p  )  ■  D(r)  6(z  )  where  6  is  the  Dirac  delta  "function".  Con- 

no  o 

•equontly  «q.  (4)  bScoaei, 


-jp-p. 


*  (k)  -  F  /  0(r)  6  (*  )  e 

“  °n 


-  F  /  U(r)  5  (zq  )  e 
°n 


-Jp.r 


where  dr  designatee  an  eleaent  of  voluae  in  object  space  and  where 
the  last  equation  is  obtained  by  virtue  of  the  sifting  property  of 
the  delta  function. 

Suaalng  up  the  data  froa  all  slices  or  contours  of  the  object 
we  obtain. 


-  '•JP*1' 

£  ■  F  /  U(r)  e  dr  -  ^tp) 


because 

I  0(?)  6  (sQ  )  -  U(r). 
n  n 

Aeauaing  that  the  Factor  F  in  eq.  (6)  is  eliminated  as  before 
by  TDK  or  by  other  aeons,  equation  (6)  reduces  to 


*<p)  “  /  0(?)  e  *3p*r  dr 


The  phase  or  range  corrected  data  \|/(p)  obtained  for  exaaple 
by  the  TDk  aethod  is  therefore  the  3-D  Fourier  transfora  of  the 
object  reflectivity  U(r).  An  alternate  formulation  to  that  given 
above  of  super-resolved  wave-vector  diversity  e.a.  laaglng  of  3-D 
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perfectly  conducting  objects  Is  possible  by  extending  Bojarski  [3] 
and  Lewis'  [4]  formulation  of  the  inverse  scattering  problem  to 
the  bistatic  case,  along  lines  that  are  somewhat  different  than 
those  given  by  Raz  [5]. 


3.  THE  FOURIER  DOMAIN  PROJECTION  THEOREMS 


The  preceeding  discussion  establishes  the  existence  of  a  di¬ 
rect  3-D  Fourier  transform  relationship  between  the_object  re¬ 
flectivity  U(r)  and  the  phase  (or  range)  corrected  p  space  data 
i|*(p)  collected  by  a  coherent  array  of  recelvers_forming  an  imaging 
aperture.  Image  retrieval  from  the  3-D  data  i|Kp)  can  be  carried 
out  digitally  using  the  fast  Fourier  transform.  This  requires 
digital  data  storage  and  processing.  Due  to  the  inherent  two 
dimensionality  of  computer  displays,  the  digitally  reconstructed 
image  can  be  presented  to  the  viewer  in  cross-sections  or  in  per¬ 
spective.  Direct  coherent  optical  processing  of  the  3-D  data 
<Kp)  is  not  feasible  because  the  coherent  Fourier  transforming 
property  of  the  convergent  lens  is  confined  to  2-D  input  formats. 

A  hybrid  (opto-digital)  approach  based  on  the  Fourier  domain  pro¬ 
jection  theorem  can  circumvent  this  difficulty.  The  motivations 
for  utilization  of  optical  methods  are  lower  cost  and  high  capacity 
for  data  storage  together  with  a  prospect  for  real-time  operation 
and  true  three  dimensional  display. 

The  underlying  principle  for  hybrid  data  processing  is  the 
Fourier  domain  projection  theorem.  Spatial  domain  and  dual  Fourier 
domain  projection  theorems  have  been  utilized  respectively  in 
astronomy  [8  J  and  in  x-ray  crystallography  and  electron  micro¬ 
scopy  [9J.  In  this  section  we  will  review  the  Fourier  domain  pro¬ 
jection  theorem  then  explain  its  utilization  in  deriving  3-D  image 
information  from  ij>(p). 

LetN^  (p)  and  U(r)  be  three  dimensional  Fourier  transform  pairs 
i.e.t  rewriting  eq.  (7) 

*<P>  -  /U(J)e"JP*rd?  (8) 

v 


where  r»xl+yl+zl  and  p 
o  x  p  y  o  z 


P  1  +p  1  +p  1  are  position  vectors 
xx  y  y  z  z 


in  object  space  and  Fourier  space  respectively.  In  the  volume  in¬ 
tegral  (8)  dr  designates  the  element  of  volume  dx  dy  dz  in  object 
space.  o  o  o 


The  projection  of  ip(p)  on  the  p  -p  plane  is 

*  y 
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Substituting  (8)  in  (9), 

VoJ.'VV  "  [  °<W*.>  <  /«"J<P*V5lyWo,dp!) 

W.  (10) 

If  th«  p  space  basis  is  sufficiently  large  the  integration  of  the 
exponential  e“JP*0  with  respect  to  p  yields  approximately  6(z  ) 
and  equation  (10*  becomes,  Z  ° 

Voj.(p*,py)  "  [  U(xo*yo*zo)6(2o)e"J<PxXo+PyVdxodyodzo 


•  x  [y  D(x0»P0)e‘J<P*Xo+Pyyo)dxod  • 

o  o 


1  /  D(p  )e  ^P*^odp 


where  D(x  ,y  )  -  D(p  )  is  a  the  slice  through  the  object  U(r) 
o  o  o 

through  the  x  ,y  plane, 
o  o 

Equation  (11)  indicates  that  the  projection  of  the  3-D  Fourier 
domain  data  on  a  given  plane  is  the  2-D  Fourier  transform  of  the 
object  central  cross-section  parallel  to  that  plane.  It  follows 
from  eq.  (11)  by  the  inverse  transform. 


D(*o.y0>  -  /Voj.<Px’Py)  e  J(Vo+Pyyo)  dPjdpy  (12) 

which  is  the  required  theorem.  According  to  this  theorem,  the  pro¬ 
jection  of  the  3-D  transform  data  on  any  plane  yields  a  2-D  data 
manifold  from  which  a  central  cross-sectional  outline  of  the 
Illuminated  portion  of  the  object  parallel  to  that  plane  can  be 
obtained  via  a  two  dimensional  Fourier  transform  which  can  be 
c**riad  out  optically.  Photographic  transparency  records  of  the 
Fourier  domain  projections  are  suitable  for  use  as  input  to  an 
optical  bench  utilising  laser  illumination  to  execute  an  instan¬ 
taneous  optical  Fourier  transform  with  the  aid  of  a  simple  con¬ 
vergent  lens.  This  leads  to  optical  reconstruction  of  the 
corresponding  cross-section  of  the  object. 

True  3-D  image  reconstruction  is  possible  if  one  can  view  all 
projection  holograms  simultaneously.  The  most  logical  way  to  pro- 
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ceed  in  this  regard  is  co  combine  all  projection  holograms  into  a 
single  composite  hologram  which  can  reconstruct  when  viewed  by  an 
observor  all  cross-sectional  outlines  of  the  illuminated  portion 
of  the  reflecting  object  simultaneously  with  correct  angular 
ordering  so  that  an  impression  of  viewing  a  true  3-D  image  is 
created.  One  potential  method  of  carrying  this  out  is  multiplex 
or  integral  holography  [10] . 

Through  the  use  of  what  we  call  Weigh ted  Fourier  Projection 
Theorem  to  be  described  next,  it  should  be  possible  to  reconstruct 
parallel  slices  of  a  3-D  object  from  the  3-D  data  manifold  t|>(p). 


Let  Gq(p  ,p  )  be  the  weighted  projection  of  i|>(p)  defined  by, 

*  y 


Go(px*Py)  "  f  ’f'<Px’Py*Pz)  6  2  dpz 

pz 


Substituting  for  i|i  from  eq.  (8)  yields. 


G  (p  ,p  )  -  /  e^  op*  I  /  /  U(x  ,y  ,z  ) 
avPx.Py^  x£.y',40  o  o  ° 


e'J (pxXo+pyyo+Pz*o)  dx  dy  dz  dp  (14) 

0  0  0  2 

Carrying  out  the  integration  with  respect  to  pz  first  assuming 
the  extent  of  the  p  space  data  to  be  sufficiently  large,  the 
integral  with  respect  to  P  may  be  approximated  by  6(zQ-a)  Equation 
(14)  can  be  reduced  then  to , 

Ga(pjt.Py)  -  £  £  0(xo,yo,zo  -a)e’J(pxxo+pyyo)  dxQdyo  (15) 
o 

which  says  that  Ga(Px»Py)  *nd  0(xo,yo>zo  “a)  are  two  dimensional 

Fourier  transform  pairs.  The  weighted  Fourier  domain  projection 
theorem  follows  from  the  Inverse  transform 
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Accordingly  parallel  allces  of  Che  object  can  be  reconstructed 
slice  by  slice  by  changing  the  parameter  a  . 

In  practice  one_expects  that  digital  storage  of  the  corrected 
3-D  data  manifold  ^i(p)  produced  by  a  thinned  receiver  array  is  more 
convenient  than  optical  storage.  The  projections  (px.py) 

and  the  weighted  projections  ca(Px*Py)  can  therefore  be  carried  out 

digitally.  Two  dimensional  Fourier  transform  of  these  projections 
carried  out  either  digitally  or  optically  (and  hence  the  hybrid 
nature)  permits  recovery  of  the  3-D  image  information  slice  by 
slice. 


4.  COMPUTER  SIMULATION 

Computer  simulation  of  wave-vector  diversity  imaging  of  two 
lm  diameter  perfectly  reflecting  spheres  was  undertaken  to  verify 
the  method.  The  simulated  geometry  is  shown  in  Fig.  2(a)  where  a 
circular  array  of  SO  coherent  receivers  is  assumed  to  be  in  the  far 
field  region  of  the  object.  The  choice  of  the  object  was  influenced 
by  the  ready  availability  in  the  literature  of  series  formula  for 
the  field  scattered  from  a  perfectly  reflecting  sphere  under  plane 
wave  illumination  (12).  The  direction  of  illumination  was  assumed 
to  be  fixed.  Have-vector  diversity  was  realized  by  sweeping  the 
illumination  wavelength  between  7.5  cm  and  15  cm  (i.e.  case  of 
frequency  swept  imaging).  The  corrected  (TDR)  data  |p(P)  collected 
by  the  elements  of  the  receiver  array  was  stored  in  the  computer  in 
the  proper  format  specified  by  the  values  of  p  •  k  (L  -  1R) 

i 

assumed  for  each  receiver.  The  projection  of  the  stored  <|»(p)  011 
the  plane  of  the  array  was  displayed  on  the  computer  CRT  display 
and  photographed  to  yield  the  projection  hologram  shown  in  Fig.  2(b). 
The  corresponding  optically  retrieved  image  is  shown  in  Fig.  2(c). 

A  central  cross-sectional  outline  image  of  the  two  spheres  that  is 
parallel  to  the  projection  plane  is  clearly  delineated  as  two 
adjacent  circles  of  equal  diameter  as  predicted  by  theory. 

To  evaluate  the  feasibility  of  reconstruction  by  parallel 
slices,  the  weighted  Fourier  domain  projection  theorem  was  applied 
to  the  stored  data  <|i(p)  for  the  preceeding  example. 

Preliminary  photographs  for  the  images  retrieved  from  weighted 
projections  for  values  of  a  equal  to  zero  cm  (central  slice  as  in 
Fig.  2(c)),  30  cm  and  40  cm  are  shown  in  Fig.  3.  Although  the 
quality  of  these  preliminary  images  is  not  good  they  clearly  ill¬ 
ustrate  the  ability  to  reconstruct  in  parallel  slices  by  means  of 
the  weighted  Fourier  domain  projection  theorem. 
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Reflecting  Spheres 


<c; 


Fig.  2.  Computer  Simulation  of  Vave-vector  Diversity  Imaging, 
(a)  Geometry,  (b)  Projection  Hologram,  (c)  Retrieved 
Central  Cross-sectional  Image. 
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Fig.  3.  3-D  Image  Retrieval  by  Parallel  Slices  for  Values  of 

a  ■  0  cm  (a),  30  cm  (b)  and  40  cm  (c). 


^y-v»  «'■ 


•  .'«v- 
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5.  CONCLUSIONS 

We  have  presented  the  principles  of  a  long-wave  Imaging  method 
in  which  wave-vector  diversity,  or  frequency  diversity  (when  the 
direction  of  object  Illumination  is  fixed),  is  employed  to  enhance 
the  amount  of  object  information  captured  by  a  broad-band  coherent 
receiving  array  deployed  in  the  far  field  of  the  object.  The  main 
features  of  the  method  whose  basic  principles  have  also  been 
verified  by  computer  simulation  are: 

(a)  the  data  collected  by  a  thinned  coherent  arTay  of  re¬ 
ceivers  intercepting  the  wavefield  scattered  from  a  distant  3-D 
reflecting  object,  as  the  frequency  of  its  illumination  and/or  its 
direction  of_incidence  is  changed,  can  be  stored  as  a  3-D  data 
manifold  in  p  space  from  which  an  image  of  the  object  can  be  re¬ 
trieved  by  means  of  a  3-D  Fourier  Transform.  The  size  and  shape 
of  the  3-D  data  manifold,  and  therefore  the  resolution,  depend  on 
the  relative  position  of  the  object  the  transmitter  (illuminator) 
and  the  receiving  array  and  on  the  spectral  width  of  the  illumi¬ 
nation  utilized. 

(b)  the  data  collected  must  be  corrected  for  a  quadratic  phase 
term  before  it  is  stored  in  a  3-D  manifold  and  an  undistorted  image 
of  the  3-D  reflecting  object  reconstructed  through  the  3-D  Fourier 
transform  operation.  A  bothersome  range-azimuth  ambiguity  is  also 
avoided  through  elimination  of  this  quadratic  phase  term. 

(c)  one  method  of  achieving  this  correction  is  through  the 
use  of  a  TDR  (Target  Derived  Reference)  by  means  of  which  the 
object  or  target  is  made  to  act  as  a  point  scatterer  by  illuminating 
it  with  a  sufficiently  low  frequency  signal  that  is  a  subharmonic 

of  the  imaging  frequencies  utilized.  Harmonic  mixing  of  the  amp¬ 
lified  and  limited  signals  produced  by  the  reference  spherical 
wavefront  generated  by  the  object  at  the  receiving  array  elements 
with  those  produced  by  the  imaging  wavefronts  scattered  from  the 
object  should  in  principle  yield  the  required  phase  corrected  data. 
The  use  of  a  TDR  has  many  additional  advantages. 

These  include: 

(i)  Elimination  of  the  need  for  a  central  local  oscilla¬ 
tor  for  the  coherent  receiving  array. 

(li)  Because  the  target  derived  reference  source  moves 
with  the  target  there  is  greater  tolerance  to  target  motion  during 
data  acquisition. 

(ill)  Because  TDR  results  in  a  recording  configuration 
similar  to  that  of  a  lensless  Fourier  Transform  hologram,  the 
resolution  requirements  from  the  recording  device  are  greatly 
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I  relaxed.  In  longwave  holography  this  fact  is  translated  into  a 
significant  reduction  of  the  nuaber  of  receiving  elements  in  the 
recording  aperture.  In  addition  the  use  of  TOR  allows  us  to  place 
all  the  resolving  power  of  the  recording  aperture  on  the  target. 

This  scans  that  high  resolution  images  of  distant  isolated  targets 
should  be  feasible  with  array  apertures  consisting  of  tens  of 
J  elements.  The  ability  to  synthesize  a  2-D  receiving  aperture  with  a 
H  Wells  array  (11)  consisting  of  two  orthogonal  linear  arrays  one  of 
1  transmitters  and  the  other  of  receivers  provides  further  means 

(of  reducing  the  number  of  stations  needed  for  data  acquisition 
without  sacrifice  in  resolution. 

(lv)  Greater  immunity  to  phase  fluctuations  arising  from 
*  turbulance  and  inhomogenietles  in  the  propagation  medium  because 
'•  both  the  reference  and  imaging  signals  arriving  at  each  receiving 
>  element  of  the  aperture  travel  roughly  over  the  same  path. 

|  (v)  TDK  eliminates  the  range  azimuth  ambiguity  and  ex- 

<  cessive  bandwidth  problems  that  arise  in  frequency  swept  imaging 
J  when  the  reference  signal  for  the  array  aperture  is  derived  in- 
;  stead  from  the  illumination  source  or  a  centrally  located  local 
;  oscillator  phase  locked  to  it. 

|  _  (d)  Because  the  dimensions  of  the  3-D  data  manifold  <i(i>)  in 

p  space  are  dependent,  in  addition  to  geometry,  on  the  spectral 
range  of  the  illumination,  super-resolution  (l.e.  resolution  beyond 
the  classical  limit  of  the  available  physical  aperture)  is  achieved. 
This  aperture  synthesis  by  wave-vector  or  frequency  diversity  helps 
cut  down  array  cost  (since  a  thinned  array  can  be  used)  and  size. 

(e)  Fourier  domain  projection  theorems  enable  the  generation 
of  two  dimensional  holograms  from  projections  (or  weighted  pro¬ 
jections)  of  the  corrected  3-D  data  manifold  f(p)  permitting  there¬ 
by  optical  image  retrieval  of  the  3-D  object  in  merldonal  slices 
parallel  to  the  projection  planes  one  at  a  time  (or  In  parallel 
slices  one  at  a  time). 

(f)  True  3-D  image  presentation  could  be  possible  by  combining 
.  a  set  of  distinct  projection  holograms,  using  multiplex  or  Integral 
holography  techniques,  into  a  single  composite  hologram  which  can 
reconstruct  all  corresponding  cross-sectional  outlines  of  the 
illuminated  portion  of  the  object  simultaneously  yielding  thus  a 
,  viewable  true- 3D  image. 

(g)  Unlike  conventional  Longwave  holography  no  wavelength 
scaling  is  required  here  to  avoid  longitudinal  distortion  in  optical 
reconstruction. 


(h)  Because  of  the  broed-band  nature  of  the  illumination  and 
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the  aperture  tynthesis  by  frequency  diversity,  reduction  of  speckle 
noise  in  the  image  is  expected. 

(1)  Is  the  Frequency  Swept  node  of  wave-vector  diversity 

inaging  (i.e.  when  lk  ■  const.),  the  collected  data  at  each 
i 

receiver  repnsents  a  frequency  response  of  the  object.  Assuming 
the  scattering  process  is  linear,  this  frequency  response  is  re¬ 
lated  to  the  inpulse  response  of  the  object  by  a  Fourier  transform 
(2),  (13).  This  suggests  that  when  inpulse  Illumination  is  utilized, 
instead  of  frequency  swept  illumination,  a  3-D  data  manifold  t|*(p) 
nay  be  geneoted  by  Fourier  transforming  the  impulse  response  at 
each  receiw,  correcting  the  data  for  the  Factor  F,  and  storing 
the  result  hi  accordance  to  the  corresponding  p  for  each  receiver. 

The  resulting  corrected  ty(p)  can  then  be  employed  as  described  in 
this  paper  to  yield  3-D  image  information.  Impulse  illumination  is 
desirable  la certain  Instances  of  rapid  target  motion  but  may  be 
more  difficult  to  implement  than  frequency  swept  illumination. 

It  is  difficult  to  conclude  without  noting  some  extremely  in¬ 
teresting  similarities  between  wave-vector  diversity  (or  frequency 
diversity)  hntging  discussed  here  and  certain  features  of  the  sonar 
system  lnmannlssuch  as  bottle-nosed  Dolphins,  whales  and  bats. 

These  features  have  been  deduced  or  hypothesized  by  several  workers 
(14)-(17)  fan  observations  of  the  remarkable  acoustical  behaviour, 
activity  during  echo-location,  and  anatomical  studies  of  these  mammals 
especially  the  Dolphin.  Some  of  the  more  pertinent  features  which 
we  only  list  here  are : 

(a)  All  signals  emitted  are  of  broad-band  nature.  They  are 
either  in  the  form  of  relatively  long  chirps  (whistles) ,  Impulse 
like  pings  or  clicks  of  less  than  lmsec  duration  and  frequency  con¬ 
tent  extendlag  up  to  100  kHz,  or  low  frequency  barks  rich  in  higher 
harmonics. 

(b)  Ability  to  detect  signals  burled  in  noise  indicating 
possible  cofaoent  or  corellation  processing. 

(c)  Evidence  of  the  presence  of  a  sensor  array  in  the  melon 
surface  with  sensitivity  in  the  15-100  kHz  which  might  be  utilized 
for  reception  of  acoustic  echos  in  addition  to  sensing  velocity  and 
temperature.  The  lens-shaped  fatty  body  of  the  mellon,  which  is 
essentially  acoustically  transparent* might  also  be  utilized  as  a 
variable  foc«  acoustic  lens  for  focusing  of  emitted  sound  on  select¬ 
ed  targets. 

(d)  Evidence  of  super-resolution  capabilities  i.e.,  resolution 
exceeding  the  classical  limit  of  any  possible  available  physical  re¬ 
cording  apertore,  such  as  the  melon  even  when  assumed  to  be  operating 
at  the  higher  frequency  range  of  sound  emissions. 
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ABSTRACT 

The  use  of  wavelength  diversity  to  enhance  the  performance  of 
thinned  coherent  imaging  apertures  Is  discussed.  It  Is  shown  that 
wavelength  diversity  lensless  Fourier  transform  recording  arrangements 
that  utilize  a  reference  point  source  In  the  vicinity  of  the  object 
can  be  used  to  access  the  three-dimensional  Fourier  space  of  non- 
dlsperslve  perfectly  reflecting  or  weakly  scattering  objects.  Hybrid 
(opto-dlgltal)  computing  applied  to  the  acquired  3-D  Fourier  space 
data  Is  shown  to  yield  tomographic  reconstruction  of  3-D  image  detail 
either  In  parallel  or  meridional  (central)  slices.  Because  of  an 
Inherent  ability  of  converting  spectral  degrees  of  freedom  Into  spatial 
3-D  Image  detail  true  super-resolution  Is  achieved  together  with 
suppression  of  coherent  noise.  The  similarity  of  our  key 
equations  to  those  of  Inverse  scattering  theory  Is  pointed 
out  and  the  feasibility  of  using  other  forms  of  broadband  radiation 
such  as  Impulsive,  noise  and  thermal  Is  discussed.  Finally,  the 
possibility  of  utilizing  wavelength  diversity  Imaging  In  microscopy  and 
telescopy  Is  discussed. 

INTRODUCTION 

A  frequently  encountered  question  In  the  science  of  Image  formation 
Is  how  to  make  an  available  aperture  collect  more  Information  about 
the  scene  or  object  being  Imaged  in  order  to  enhance  its  resolving 
power  beyond  the  classical  Rayleigh  limit.  This  process  Is  known  as 
super- resolution  and  Is  relevant  to  all  Imaging  systems  whether  holo¬ 
graphic  or  conventional.  There  are  five  known  methods  for  achieving 
super-resolution.  These  Include:  weighting  or  apodlzatlon  of  the 
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aperture  data  *  ;  analytic  continuation  of  the  wavefield  measured  over 

the  aperture^'*;  use  of  evanescent  wave  Illumination®;  maximum  entropy 

method**;  and  use  of  the  time  channel7.  Weighting  and  analytical 
continuation  techniques  are  known  to  become  rapidly  Ineffective  as  the 
signal  to  noise  ratio  of  the  collected  data  decreases.  Maximum 
entropy  techniques  are  known  to  be  more  robust, as  far  as  noise  Is 
concerned  but  Involve  usually  extensive  computation.  Illumination 
with  evanescent  waves  Is  practical  in  limited  situations  where  full 
control  of  the  recording  arrangement  exists  as  In  microscopy,  for  example. 


This  leaves  the  time  channel  approach  in  which  one  can  collect  in 
time  more  information  about  the  object  through  the  available  recording 
aperture  by  altering  the  object  aspect  relative  to  the  aperture  by 
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means  of  rotation  or  linear  motion  *  *  or  by  altering  the  parameters  of 
the  Illumination  such  as  directions  of  incidence,  wavelength  and/or 
polarization  as  discussed  in  this  paper.  These  latter  operations  are 
known  to  increase  the  degrees  of  freedom  of  the  wavefields  impinging  on 
the  recording  aperture  enhancing  thereby  their  ability  to  convey  information 
about  the  nature  of  the  scattering  object.  Sophisticated  Imaging  systems 
endeavor  to  convert  the  nonspatial  degrees  of  freedom  of  the  wavefield,  e.g., 
angular,  spectral  and  polarization  to  spatial  image  detail,  enhancing 
thereby  the  resolution  capability  beyond  the  classical  Rayleigh  limit 
of  the  available  physical  aperture.  Obviously  such  procedures  involve 
more  signal  processing  than  that  performed  by  conventional  imaging 
with  lens  systems  or  holography. 

In  this  paper  we  consider  generalizing  the  holographic  concept  to 
Include  wavelength  diversity  as  a  means  of  enhancing  resolution.  A 
quick  examination  of  the  basic  equations  of  holography  reveals  that 
the  lensless  Fourier  transform  hologram  recording  arrangement  is 
amenable  to  this  generalization.  This  conclusion  is  used  then  as  a 
starting  point  for  a  Fourier  optics  formulation  of  wavelength  diversity 
Imaging  of  3-D  (three  dimensional)  nondispersive  objects.  The  results 
show  that  measurement  of  the  multi aspect  or  multi static  frequency  (or 
wavelength)  response  of  the  3-D  object  permits  accessing  its  3-D 
Fourier  space.  The  resulting  formulas  are  identical  to  those  obtained 

from  a  multistatic  generalization  of  Inverse  scattering10'11*12 
establishing  thus  a  clear  connection  between  holography  and  the  inverse 
scattering  Imaging  problem.  The  inclusion  of  wavelength  diversity  in 
holography  Is  shown  to  have  several  Important  features:  (a)  the 
availability  of  the  3-D  Fourier  space  data  permits  3-D  image  retrieval 
tomographically  in  parallel  or  meridional  (central)  slices  or  cross- 
sectional  outlines  by  the  application  of  Fourier  domain  projection 
theorems;  (b)  suppression  of  coherent  noise  and  speckle  in  the  retrieved 
Image;  (c)  removal  of  several  longstanding  constraints  on  longwave 
(microwave  and  acoustical)  holography  such  as  the  impractically  high 
cost  of  the  apertures'  needed,  the  Inability  to  view  a  true  3-D  Image 
as  In  optical  holography  because  of  a  wavelength  scaling  problem,  and 
minimization  of  the  effects  of  resonances  on  the  object. 

WAVELENGTH  DIVERSITY 

We  start  by  Inquiring  Into  the  conditions  under  which  the  data 
from  N  holograms  of  the  same  nondispersive  object  recorded  over  the 
same  aperture,  each  at  a  different  wavelength,  can  be  combined  to 
yield  a  single  image  superior  In  quality  to  .  the  image  retrieved 
from  any  of  the  individual  holograms. 
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One  approach  to  answering  the  question  posed  above  would  be  to 

determine  the  conditions  under  which  the  well  known  formulas13  for  the 
focusing  condition*  magnification  and  image  location  in  holography  can 
be  made  Independent  of  wavelength.  This  quickly  leads  to  the  conclusion 
that  wavelength  Independence  can  be  met  If  a  reference  point  source 
centered  on  the  object  is  used  and  proper  scaling  of  the  individual 
holograms  by  the  ratio  of  recording  to  the  reconstruction  wavelength 

Is  performed  before  superposition  15*24.  The  former  condition  is  required 

for  recording  a  lensless  Fourier  transform  hologram14*  where  the 
presence  of  the  reference  point  source  in  the  object  plane  leads  to 
the  recording  of  a  Fraunhofer  diffraction  pattern  of  the  object  rather 
than  Its  Fresnel  diffraction  pattern  because  of  the  elimination  in  the 
recorded  hologram  of  a  quadratic  phase  term  in  the  object  wavefield. 

This  is  known  to  result  in  a  highly  desirable  reduction  in  the 
resolution  required  from  the  hologram  recording  medium  and  is  therefore  of 
practical  Importance  especially  in  nonoptica 1  holography.  More 
detail  of  the  processing  Involved  In  combining  the  data  In  multi¬ 
wavelength  hologram  can  be  found  elsewhere15. 

Additional  insight  into  the  process  of  attaining  super-resolution 
by  wavelength  diversity  Is  obtained  by  considering  the  concept  of 

wavelength  or  frequency  synthesized  aperture  ,1®“2®.  The  synthesis 
of  a  one  dimensional  aperture  by  wavelength  diversity  is  based  on 
the  simple  fact  that  the  Fraunhofer  or  far  field  diffraction  pattern 
of  a  nondlspersive  planar  object  changes  its  scale,  i.e.  it  "breathes", 
but  does  not  change  its  shape  (functional  dependence),  as  the  wave¬ 
length  Is  changed.  A  stationary  array  of  broadband  sensors  capable 
of  measuring  the  complex  field  variations  deployed  In  this  breathing 
diffraction  pattern  at  suitably  chosen  locations  would  sense  different 
parts  of  the  diffraction  pattern  as  the  wavelength  Is  altered,  this 
allows  collecting  more  Information  on  the  nature  of  the  diffraction 
pattern,  and  therefore  on  the  object  that  gave  rise  to  It  than  If 
the  wavelength  was  fixed  (stationary  diffraction  pattern).  Each 
stationary  sensor  In  the  array  is  thus  able  to  collect,  as  the  wave¬ 
length  Is  changed,  and  the  breathing  diffraction  pattern  sweeps  over 
it,  the  same  set  of  data  or  Information  collected  by  mechanically 
scanning  a  sensor  over  the  diffraction  pattern  when  It  is  kept 
stationary  by  fixing  the  wavelength.  Hence  the  term  wavelength  or 
frequency  synthesized  aperture. 

The  orientation  and  location  of  the  wavelength  synthesized  aperture 
for  any  planar  distribution  of  sensors  deployed  In  the  Fraunhofer 
diffraction  pattern  of  a  planar  object  and  the  retrieval  of  an  image 

from  the  collected  data  has  been  treated  earlier15*1^.  It  was  clear, 
however,  that  extension  of  the  wavelength  diversity  concept  to  the 
case  of  3-D  objects  is  necessary  before  Its  generality  and  practical 
use  could  be  established. 
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For  this  purpose  we  considered  as  shown  In  Fig.  1(a)  an  Isolated 
planar  object  of  finite  extent  with  reflectivity  D(pQ) ,  where  pQ 

is  a  two  dimensional  position  vector  in  the  object  plane  (x0»yQ).  The 

object  is  illuminated  by  a  coherent  plane  wave  of  unit-amplitude  and 
of  wave  vector  Ej  *  k  produced  for  example  by  a  distant  source 

located  at  Ry.  The  wavefield  scattered  by  the  object  is  monitored  at 
a  receiving  point  designated  by  the  position  vector  Rr  belonging  to  a 

recording  aperture  lying  in  the  far  field  region  of  the  object.  The 
receiving  point  will  henceforth  be  referred  to  as  the  receiver  and  the 

source  point  at  the  transmitter.  The  position  vectors  pQ,  Ry  and  Rr 

are  measured  from  the  origin  of  a  cartesian  coordinate  system  (xQ,  yQ, 

zQ)  centered  in  the  object.  The  object  is  assumed  to  be  nondispersive 

i.e.,  D  is  independent  of  k.  However,  when  the  object  is  dispersive 
such  that  D(p0,k)  »  DjCpjjD^k)  and  D^(k)  is  known,  the  analysis 

presented  here  can  easily  be  modified  to  account  for  such  object 
dispersion  by  correcting  the  collected  data  for  D2(k)  as  k  is  varied. 

Referring  to  Figure  1(a)  and  ignoring  polarization  effects,  the 
field  amplitude  at  Rr  caused  by  the  object  scattered  wavefield  may  be 

expressed  as. 


*(k,RR) 


(1) 


where  dpQ  is  an  abbreviation  for  dxQdy0  and  the  Integration  is  carried 
out  over  the  extent  of  the  object.  Noting  that  ?y  »  pQ.  -  Ry,  Ry  *  -Rylk 

2  _ 

and  using  the  usual  approximations  valid  here:  rR  Rj^  ♦  V2Rr  -1r  •  p0 
for  the  exponential  in  (1)  and  rR  -  RR  for  the  denominator  in  (1)  where 
IR  «  Rr/Rr  and  ■  E^/k  are  unit  vectors  in  the  Rr  and  E^  directions 
respectively,  one1 can  write  eq.  (1)  as. 
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ik  ”jk(Ry  +  Rr)  “J  P  •  P_ 

R/0(po)e  °dp0,  (2) 

In  eq.  (2)  we  have  used  the  fact  that  the  observation  point  is  in  the  far 
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field  of  the  object,so  that  exp  (-jkp  /2RD)  under  the  integral  sign  can 
be  replaced  by  unity.  In  addition,  p  -  k  (T^  -  iR)  £  px  lx  +  py  !  + 
Pz  Iz  is  a  three  dimensional  vector  whose  length  and  orientation  depend 


Transmitter 


(b) 


Fig.  1.  Geometries  for  wavelength  diversity  Imaging,  (a)  Two  dimensional 
object,  (b)  Three  dimensional  object  with  the  n-th  meridional 
(central)  slice  and  cross  sectional  outline  c  shown. 
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on  the  wavenumber  k  and  the  angular  positions  of  the  transmitter  and 
the  receiver.  For  each  receiver  and/or  transmitter  present,  p  indicates 
the  position  vector  for  data  storage.  An  array  of  receivers  for 
example  would  yield  therefore  a  3-D  data  manifold  as  k  is  varied  (fre¬ 
quency  diversity)  or  as  1c  (=kTk  )  is  varied  (wave-vector  diversity) 


The  projection  of  this  3-D  data  manifold  on  the  object  plane  yields 
iKk.H,.)  because  P  •  P0  *  Pt  •  P0  s  Px*0  +  P^  where  Px  ■  k(Ik  -  IR) 

and  pu  *  k(L  -  ID)W  are  the  cartesian  components  of  the  projection 

«  y_  K  y 

Pt  of  p  on  th6  object  plane.  Accordingly  eq.  (2)  can  be  expressed  as 


„  ,  jk  e"Jk*RT 

*(k>  rr>  -  Stfc- 
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dx  dv 
0  o 


(3) 


Because  of  the  finite  extent  of  the  object,  the  limits  on  the  integral 

can  be  extended  to  infinity  without  altering  the  result.  The  integral 

in  (3)  is  recognized  then  as  the  two  dimensional  Fourier  transform 
•*0 

D(px»Py)  of  D(xQ,y0).  It  is  seen  to  be  dependent  on  the  object  reflec¬ 
tivity  function,  the  angular  positions  of  the  transmitter  and  the 
receiver  and  on  the  values  assumed  by  the  wavenumber  k  but  is  entirely 
Independent  of  range.  Information  about  D  can  thus  be  collected  by 
varying  these  parameters.  Note  that  the  range  information  is 
contained  solely  in  the  factor  F  *  jk  exp  f-jkfRy  +  RR)]/2nRR  proceeding 

the  integral.  The  field  observed  at  fiR  has  thus  been  separated  into 

two  factors  one  of  which,  the  integral,  D,  contains  the  lateral  object 
Information  and  the  other  F,  contains  the  range  information.  The 
presence  of  F  in  eq.  (3)  hinders  the  Imaging  process  since  it  complicates 
data  acquisition  and  if  not  removed,  gives  rise  to  image  distortion 
because  RR  is  generally  not  the  same  for  all  receivers.  To  retrieve 
an  image  of  the  object  via  a  2-D  Fourier  transform  of  eq.  (3),  the 
factor  F  must  first  be  eliminated.  Holographic  recording  of  the 
complex  field  amplitude  given  in  (3)  using  a  reference  point  source 
located  at  the  center  of  the  object  will  result  in  the  elimination  of 
the  factor  F  and  the  recording  of  a  Fourier  transform  hologram.  This 

operation  yields  D  over  a  two  dimensional  region  In  the  Px»Py  plane. 

The  size  of  this  region,  which  determines  the  resolution  of  the  retrieved 
image  depends  on  the  angular  positions  of  the  transmitter  and  the 
receiver  and  on  the  values  assumed  by  k,  i.e.  the  extent  of  the  soectral 
window  used.  The  latter  dependence  on  k  Implies  super-resolution  Imaging 
capability  because  of  the  frequency  synthesized  dimension  of  the  2-D 
data  manifold  that  Is  generated.  Because  of  the  dependence  of  resolution 
on  the  relative  positions  of  the  object,  the  transmitter,  and  receiving 
aperture,  the  impulse  response  is  clearly  not  Invariant.  In  fact 
a  receiver  point  situated  at  Rr  for  which  p  is  normal  to  the  object 


.  K  '  ■ 

■*  -*  ->  ' 


•>  J*  '  »  -  • 

f  * 


7 


plane  can  not  collect  any  lateral  object  Information  because  for  this 
condition  (p  .  p  *  0)  the  integrals  in  (2)  and  (3)  yield  a  constant. 

Such  receiving  point  is  located  in  the  direction  of  specular  reflection 
from  the  object  where  the  diffraction  pattern  is  stationary  i.e.  does 
not  change  with  k.  In  this  case  the  observed  field  is  solely  propor¬ 
tional  to  F  containing  thus  range  Information  only.  Obviously  this 
case  can  easily  be  avoided  through  the  use  of  more  than  one  receiver 
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which  is  required  anyway  when  2-D  or  3-D  object  resolution  is  sought  *  . 

The  analysis  presented  above  can  be  extended  to  three  dimensional 

objects  by  viewing  a  3-D  object  as  a  collection  of  thin  meridional  or 

central  slices  as  depicted  in  Fig.  1(b)  each  of  which  representing 

a  two  dimensional  object  of  the  type  analyzed  above.  With  the  n-th 

slice  we  associate  a  cartesian  coordinate  system  x„,y  ,z„  that 

oo  o 
n  n 

differs  from  other  slices  by  rotation  about  the  common  x^  axis.  Since 

o 

the  vectors  p,  Hj.  and  fiR  are  the  same  in  all  n-coordinate  systems, 

eq.  (3)  holds.  ^n(k»RR)  Is  then  obtained  from  projection  of  the  three 

dimensional  data  manifold  collected  for  the  3-D  object  on  the  x^,y^„ 

o  on 

plane  associated  with  the  n-th  slice.  An  image  for  each  slice  can 
then  be  obtained  as  described  before.  An  Inherent  assumption  in  this 
argument  Is  that  all  slices  are  illuminated  by  the  same  plane  wave. 

This  is  a  reasonable  approximation  when  the  3-D  object  is  a  weak 
scatterer  and  the  Born  approximation  Is  app!1cab1e»or  when  the  3-D 
object  Is  perfectly  reflecting  and  does  not  give  rise  to  multiple 
reflections  between  its  parts.  In  the  latter  case  the  two  dimensional 
meridional  slices  Dn(pQ  )  deteriorate  Into  contours,  such  as  C  in 

Fig.  1(b)  defined  by  tRe  intersection  of  the  meridonal  planes  with 
the  Illuminated  portion  of  the  surface  of  the  object.  Accordingly 
we  can  write  for  the  n-th  meridional  slice  or  contour. 


-jp.pn 

^n(k»RR)  *  F-/‘Dn^o  ^  e  °n  dP0  W 

n  n 

We  can  regard  Dn(pQ  )  as  the  n-th  meridional  slice  or  contour  or  a 

three  dimensional  oBject  of  reflectivity  U(r)  where  r  is  a  three 
dimensional  position  vector  in  object  space.  This  means  that 
Dn(p0  )  c  U(r)  6(zq  )  where  5  Is  the  Dirac  delta  "function". 

n  n 

Consequently  eq.  (4)  becomes, 
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SI 
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*n(k,RR)  =  F  /  U(r)  5  (z  )  e  °n  dp 
n  K  °n  °n 

-jp.r  (5) 

■  F  /  U(r)  6  (z  )  e  dr 

°n 

where  dr  designates  an  element  of  volume  in  object  space  and  where 
the  last  equation  is  obtained  by  virtue  of  the  sifting  property 
of  the  delta  function. 

After  summing  up  the  data  from  all  slices  or  contours  of  the  object 
we  obtain, 

-3P-r  _ 

Ii|i  -  F  /  U(r)  e  dr  *  ij>(p)  (6) 

n  n 

because 


{  U(r)  6  (z  )  *  U(r). 


On  assuming  that  the  Factor  F  in  eq.  (6)  is  eliminated  as  before, 
equation  (6)  reduces  to 

-jp.r 

4»(p)  =  /U(r)  e  dr  (7) 

which  is  the  3-D  Fourier  transform  of  the  object  reflectivity  U(r). 
Thus,  wavelength  diversity  allows  one  to  access  the  3-D  Fourier  space 
of  a  nondispersive  object  and  provides  the  basis  for  3-D  Lensless 
Fourier  transform  holography.  An  alternate  formulation  of  super- 
resolved  wave-vector  diversity  Imaging  of  3-D  perfectly  conducting 
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objects  is  possible  by  extending  the  analysis  of  the  inverse 

scattering  Imaging  problem*®*11  to  the  multistatic  case,  along  lines 

12 

that  are  similar  to  but  somewhat  different  from  those  given  by  Raz  . 
The  resulting  scalar  formulas  are  identical  to  (7)  thus  establishing 
the  connection  between  the  holographic  and  the  Inverse  scattering 
approaches  to  the  imaging  problem. 


THREE  DIMENSIONAL  IMAGE  RETRIEVAL 

The  above  considerations  of  multi wavelength  holography  have  pro¬ 
vided  a  means  by  which  the  3-D  "rurier  space  of  the  object  can  be 
accessed  by  employing  snychronous  detection.  It  is  clear  that  once 
the  3-D  Fourier  space  data  Is  available,  3-D  image  detail  can  be 
retrieved  by  means  of  an  Inverse  3-D  Fourier  transform  that  can  be 
carried  out  digitally.  Alternately,  holographic  techniques 
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Fig.  4.  Arrangement  used  In  computer  simulation  of  wavelength  diversity 
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can  be  invoked  again.  Fourier  domain  projection  theorems  that  are 

dual  to  the  spatial  domain  projection  theorem  3 can  be  applied  to 
the  Fourier  space  data  to  produce  a  series  of  projection  holograms 
from  which  2-D  images  of  meridional  or  parallel  slices  of  the  object 
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can  be  retrieved  on  the  optical  bench  .  This  procedure  does  not 
involve  any  specific  scaling  of  the  size  of  the  optical  hologram 
transparency  relative  to  the  size  of  the  original  recording  aperture 
by  the  ratio  of  the  recording  to  the  reconstruction  wavelengths  as 
In  longwave  holography  there  the  scaling  necessary  for  viewing  a  3-D 
Image  free  of  longitudinal  distortion  ususally  leads  to  an  impractical  1y 
minute  equivalent  hologram  transparancy  that  cannot  be  readily  viewed 
by  an  observer.  The  lateral  and  longitudinal  resolutions  in  the 
retrieved  image  depend  now  on  the  dimensions  of  the  volume  in  Fourier 
space  accessed  by  wavelength  diversity.  This  volume  depends*  in  turn*  on  the 
wavelength  range  and  on  the  recording  geometry.  Thus  the  longitudinal 
resolution  does  not  deteriorate  as  rapidly  with  range  as  in 
conventional  monochromatic  imaging  systems. 

An  example  of  computer  simulations  of  frequency  diversity  holo¬ 
graphic  imaging  of  a  3-D  object  consisting  of  eight  point  scatterers 
distributed  as  shown  in  Fig.  2  is  given  in  Fig.  3.  Shown  in  Fig.  3  are 
three  weighted  Fourier  domain  projection  holograms  and  the  corresponding 
optically  retrieved  Images  for  three  equally  spaced  parallel  slices 
of  the  object  containing  distinguishable  2-D  distributions  of  scatterers. 

The  simulated  recording  arrangement  shown  in  Fig.  4  consisted  of  an 
array  of  16  receivers  equally  distributed  on  an  arc  extending  from  $  * 

40°  to  <J>  *  77.5°  surrounding  a  central  transmitter  capable  of  providing 
plane  wave  illumination  of  the  object.  The  results  shown  were  obtained 
with  microwave  Imaging  In  mind  assuming  a  frequency  sweep  of  (2-4)GHz. 

They  clearly  indicate  a  lateral  and  longitudinal  resolution  capability 
of  the  order  of  25  cm.  Wider  sweep  widths  yield  better  resolution. 

For  example  a  (l-18)GHz  sweep  would  yield  a  3-D  resolution  of  the  order 
of  1.5  cm. 


DISCUSSION  AND  CONCLUSIONS. 

Seeking  means  by  which  the  information  content  in  a  hologram  can 
be  Increased,  for  example  by  wavelength  diversity,  we  have  arrived  at  a 
formulation  of  3-D  Lensless  Fourier  transform  holography  capable  of 
furnishing  3-D  image  detail  tomographically.  This  ability  of 
producing  3-D  Images  in  slices  from  coherently  detected  wavefields 
enables  us  to  regard  the  method  also  as  coherent  tomography.  The  Fourier 
space  accessed  In  the  above  fashion  by  wavelength  diversity  can  be 
viewed  as  a  generalized  3-D  hologram  in  which  one  dimension  has  been 
synthesized  by  wavelength  diversity.  Such  a  generalized  hologram 
contains  not  only  spatial  amplitude  and  phase  data  as  In  conventional 
holography* but  also  spectral  information.  Consequently,  it  can  yield  better 
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resolution  than  the  classical  Rayleigh  limit  of  the  available  aperture 
operating  at  the  shortest  wavelength  of  the  spectral  window  used.  This 
super- resolving  property  is  further  enhanced  through  an  Inherent  sup¬ 
pression  of  the  effects  of  object  resonances  and  speckle  in  the  retrieved 
Image;  the  latter  property  Is  a  consequence  of  the  fact  that  frequency 
diversity  tends  to  make  the  Impulse  response  of  the  system  unipolar  and 
to  resemble  that  of  a  non-coherent  imaging  system  that  is  free  of  speckle 

and  coherent  noise  artifacts^.  Further  enhancement  of  information  content 
and  resolution  can  be  achieved  by  polarization  diversity  where  the  p  space 
can  be  multiply  accessed  for  different  nonredundant  polarizations  of  the 
Illumination  and  the  receivers  and  the  resulting  polarization  diversity 
Images  added  either  coherently  or  non-coherently  in  order  to  achieve  a 
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degree  of  noise  averaging  as  discussed  elsewhere  . 


The  removal  of  several  longstanding  constraints  on  conventional 
longwave  (microwave  and  acoustic)  holography  attained  through  the  use 
of  wavelength  diversity  as  described  here  leads  to  a  new  class  of  Imaging 
systems  capable  of  converting  spectral  degrees  of  freedom  into  3-D  image 
detail,  and  thus  of  furnishing  true  super-resolution.  Wavelength  diversity 
is  applicable  to  the  Imaging  of  two  classes  of  objects:  perfectly 
reflecting  objects  of  the  type  encountered  in  radar  and  sonar,. and  weakly 
scattering  objects  of  low  or  known  dispersion  of  the  type  encountered 
In  biology  and  medicine.  The  practical  application  of  the  concepts 
presented  here  to  optical  wavefieldsis  presently  under  consideration. 

The  availability  of  tunable  dye  lasers  and  electronic  imaging  devices 
suggest  interesting  possibilities  of  three  dimensional  wavelength 
diversity  microscopy.  Here  one  can  conceive  of  an  arrangement  in 
which  a  minute  semitransparent  object  with  homogeneous  or  known  dispersion 
is  translllumlnated  by  a  collimated  coherent  light  beam  from  a  tunable 
dye  laser  which  can  also  be  made  to  provide  a  coherent  reference  point 
source  In  the  Immediate  vicinity  of  the  object.  The  resulting  reference 
and  the  object  scattered  waveflelds  are  Intercepted  by  the  photocathode 
of  an  electronic  imaging  device  of  known  spectral  response  such  as  a 
vldlcon.  Because  of  the  minute  size  of  the  object,  the  photocathode 
can  easily  be  situated  in  the  far  field  of  the  object.  Thus  nearly  a 
lensless  Fourier  transform  hologram  recording  arrangement  results.  The 
spatial  frequency  content  In  the  resulting  hologram  Is  therefore  expected 
to  be  sufficiently  low  to  be  resolved  by  a  high  resolution  electronic 
Imaging  device.  By  recording  and  digitally  storing  the  resulting  detected 
hologram  fringe  pattern  as  a  function  of  dye  laser  wavelength  one  can 
gain  access  to  the  3-D  Fourier  space  of  the  object, since  Tk  and  ID 


are  precisely  known  for  the  recording  geometry. 


‘1 


A  similar  recording  arrangement  can  be  envisioned  in  the  active 
coherent  Imaging  of  a  distant  reflecting  object  (active  telescopy)  where 
the  object  can  be  made  to  furnish  a  reference  point  source  situated  on 
Its  surface*  such  as  a  wavelength  Independent  stationary  glint  point  or 
an  Intentionally  placed  retroreflector.  Because  In  such  an  arrangement 
the  reference  and  the  object  waveflelds  travel  over  the  same  path, 
atmospheric  effects  are  expected  to  be  minimized.  The  generation  of  an 


object  derived  reference  geometry  In  longwave  (microwave  and  acoustic) 
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wavelength  diversity  Imaging  has  been  described  elsewhere  '  . 

Finally  It  is  worthwhile  to  note  that  since  the  scattering  process 
Is  linear  the  multiaspect  or  multi  static  frequency  or  wavelength 
response  measurements  referred  to  In  this  paper  can  be  obtained  also 
by  measuring  the  multi aspect  Impulse  response  followed  by  a  Fourier 

transformation  of  the  Individual  Impulse  responses  that  have  been 
10 

measured  .  This  means  that  Impulsive  Illumination  can  also  be 
utilized.  Because  the  Impulse  response  of  a  linear  system  can  be 

measured  by  using  random  noise  excitation  and  by  cross-correlating 

10 

the  output  with  the  Input  ,  the  possibility  also  emerges  of  using 
random  noise  (white  light)  Illumination  and  cross-correlation  detec¬ 
tion  rechnlques  as  a  means  for  accessing  the  3-D  Fourier  space  of 
the  object. 
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ABSTRACT 


In  contrast  to  the  well  known  and  widely  used  Instantaneous 
Fourier  transforming  property  of  the  convergent  lens  In  coherent 
(laser)  light,  the  "Virtual  Fourier  Transform"  (VFT)  capability  of 
the  divergent  lens  Is  less  widely  known  or  used  despite  many  advantages. 
We  will  review  the  principle  of  the  VFT  and  discuss  its  advantages  in 
certain  applications.  In  particular  a  method  for  viewing  the  virtual 
Fourier  transform  of  a  two  dimensional  function  with  the  naked  eye 
using  an  ordinary  point  source  will  be  presented.  A  scheme  for  three* 
dimensional  Image  display  based  on  a  "Fourier  domain  projection  theorem" 
utilizing  varifocal  VFT  Is  described  and  a  discussion  of  the  properties 
of  the  displayed  Image  given. 


INTRODUCTION 


Several  sophisticated  three  dimensional  (3-D)  Imaging  techniques 

1  2  2 
such  as  x*ray  tomography  •  electron  microscopy  ,  crystallography  , 

wave-vector  diversity  Imaging  and  Inverse  scattering3.  Involve  measure¬ 
ments  that  give  access  to  a  finite  volume  In  the  3-D  Fourier  space  of 
a  3-0  object  function.  A  3-D  Image  of  the  original  object  can  then 
be  reconstructed  by  computing  the  Inverse  3-D  Fourier  transform.  The 
retrieved  lamge  normally  represents  the  spatial  distribution  of  a 
relevant  parameter  of  the  object  such  as  absorption,  reflectivity, 
scattering  potential,  etc. 

Obviously,  the  required  Inverse  transform  can  be  performed  digitally. 
Digital  techniques  however  often  preclude  real-time  operation  partic¬ 
ularly  when  the  object  being  Imaged  Is  not  simple  but  contains  consider¬ 
able  resolvable  Intricate  detail.  More  Importantly,  because  of  the 
Inherent  two  dimensionality  of  CRT  computer  displays, direct  true  3-D 
linage  display  Is  not  possible.  Present  day  computer  graphic  displays 
are  capable  of  displaying  3-D  Image  detail  either  In  separate  cross- 
sections  or  slices,  or  In  a  computed  perspective  (Isometric)  view  of 
the  object,  or  In  some  Instances  stereoscopical ly  where  an  Illusion  of 
a  3-0  scene  Is  created  In  the  mind  of  the  observer  who  Is  required 
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usually  to  use  special  viewing  glasses  '  . 


Hybrid  (opto-digltal)  computing  techniques  offer  an  alternate 
approach  to  3-D  Image  retrieval  from  3-D  Fourier  space  data.  They 
furnish  as  shown  In  this  paper  the  ability  to  display  true  3-D  Image 


detail.  The  approach  Is  based  on  "Fourier  Domain  Projection  Theorems 
that  are  dual  to  "Spatial  or  Object  Domain  Projection  Theorems"  used  In 

radio-astronomy*  and  tomography1.  These  theorems  permit  the  recon¬ 
struction  of  3-D  Image  detail  tomographlcally*  i.e.  In  slices  from 


u2,3 


2  3 

2-D  projections  of  the  3-D  Fourier  space  data  .  Although  the  required 
2-D  Fourier  transform  can  be  carried  out  digitally*  the  emphasis  In 
this  paper  Is  on  coherent  optical  techniques  for  performing  the  2-D 
Fourier  transform. with  particular  attention  to  Implementations  that 
permit  the  execution  of  the  necessary  2-D  optical  transforms  of  the 
various  projection  hologram  sequentially  In  real-time.  Specific 
attention  Is  given  to  a  technique  that  utilizes  the  virtual  Fourier 
transform  which  permits  the  viewing  of  a  virtual  3-D  Image  In  real-time. 


FOURIER  DOMAIN  PROJECTION  THEOREMS 


There  are  two  Fourier  domain  projection  theorems.  One  leads  to 
tomographic  object  reconstruction  In  parallel  sides  and  Is  called  the 
"weighted  Fourier  domain  projection  theorem1;  the  other  leads  to 
tomographic  object  reconstruction  In  merldonal  or  central  slices  and 
can  therefore  be  called  the  "merldonal  or  central  slice  Fourier  domain 
projection  theorem1; 

We  begin  by  considering  a  3-D  object  function  f(r)  with  r  = 

Xlx  ♦  yly  ♦  zlz  being  a  position  vector  In  object  space.  Let  F(w) 

be  the  3-D  Fourier  transform  of  f (r)  defined  by, 

' — jw.r 

F(w)  -  /  f(r)  e  dr  (1) 


where  dr  ■  dx  dy  dz  and  w  -  wxIx  +  wyIy  +  w2I2  Is  a  position  vector 
In  the  Fourier  or  spatial  frequency  domain. 

Consider  next  the  projection  of  F(w)  on  w  ,w  plane  defined  by, 

x  y 


Fp("x*wy)  "  l  **2  * 

and  combining  eq.  (1)  and  (2), 

-j(w  x  +w  V  +w  z) 

Fp(wx,wy)  *  f(x,y,z)e  x  *  2  dxdydz}dw2  (3) 


From  the  Greek  work  Tomos  meaning  slice. 
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Integrating  with  respect  to  w2  first  and  assuming  that  the  volume  In 
w  space  occupied  by  F(w)  Is  sufficiently  large  we  obtain* 


-j(w  x  + 

Vwx*V  "  iff  f^x,y,z)  6  *  *  dxdydz  (4) 

-j(w  x  ♦  vv) 

•  { f  f(x,y,o)  e  *  dxdy  (5) 


The  2-D  Fourier  domain  projection  Fp(wx»wy)  the  central  slice 

f(x,y,o)  through  the  object  form  thus  a  Fourier  transform  pair.  This 
may  be  symbolically  expressed  as. 


Fp(wx,wy)  f(x,y,o)  (6) 


Other  parallel  slices  through  the  object  at  z  *  zn»  zn  being  a 

constant  describing  the  z  coordinate  of  the  n-th  parallel  slice,  can 
In  a  similar  manner  be  related  to  "weighted"  Fourier  domain  projections 
of  F(w)  defined  by, 

Fp.n  ("x’V  '  f  (?) 

Making  use  of  eq.  (1)  and  again  performing  the  Integration  with  respect 
to  w2  first  we  obtain. 


Fp,n  (Vwy)‘M’f(x,y*2n)  W 

which  Indicates  that  the  weighted  projection  F_  M(wv,w„)  and  the  n-th 

p»n  x  y 

parallel  object  slice  f(x9y9zn)  form  a  Fourier  transform  pair. 

Equation  (6)  is  seen  to  be  a  special  case  of  eq.  (8)  when  zn  *  o. 

Given  the  3-0  Fourier  space  data  manifold  F(w)  one  can  digitally 
compute  and  display  a  set  of  "weighted  projection  holograms"  F_  „(wv,wu). 

P»n  x  y 

A  corresponding  set  of  Images  of  parallel  slices  or  cross-sectional 
outlines  of  the  3-0  object  can  then  be  retrieved  via  2-D  Fourier 
transform  operations  which  can  most  conveniently  be  carried  out 
optically  from  photographic  transparency  records  of  the  weighted 
projection  holograms  displayed  by  the  computer. 


Returning  to  eqs.  (1)  and  (2)  one  can  also  show  that  projections 
of  F(w)  on  arbitrarily  oriented  planes  other  than  the  wx,Wy  plane 

chosen  for  eq.  (2),  yields  "merldonal  projection  holograms"  that  are 
2-D  Fourier  transforms  of  corresponding  merdional  (central)  slices 
of  the  object.  This  Is  the  "merldonal  Fourier  domain  projection 
theorem.  It  furnishes  the  basis  for  angular  multiplexing  of  the 
resulting  merldonal  projection  holograms  Into  a  single  composite 
hologram  which  can  be  used  to  form  a  3-D  lamge  of  the  object  In  a 
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manner  similar  to  that  In  Integral  holography  which  is  Increasingly 
being  referred  to  as  Cross  holography*. 

THE  VIRTUAL  FOURIER  TRANSFORM 

In  contrast  to  the  well  known  spatial  Fourier  transforming  pro¬ 
perty  of  the  convergent  lens  widely  used  In  coherent  optical  computing, 
the  complementary  virtual  Fourier  transform  capability  of  a  divergent 

lens1®  iess  jridely  known  or  used  despite  many  attractive  features. 

This  Is  surprising  since  the  power  spectrum  associated  with  the  VFT 
Is  a  phenomenon  that  Is  frequently  observed  In  dally  life  when  one 
happens  to  look  at  a  distant  point  source  such  as  a  street  light 
through  a  fine  mesh  screen  or  the  fine  fabric  of  transparent  curtain 
material.  The  spectrum  of  the  screen  transmittance  appears  then  as 
a  virtual  Image  In  the  plane  of  the  point  source. 

The  VFT  concept  of  the  divergent  lens  Is  easily  derived  from  the 
Fourier  transform  expression  of  the  convergent  lens.  Figure  1  illustrate 
the  well  known  process  of  forming  a  real  Fourier  transform  with  a 
convergent  lens.  The  object  transparency,  with  complex  transmittance 
t(x  ,y  ),  is  placed  at  a  distance  d  In  front  of  a  convergent  lens  of 
focal  length  F  and  Illuminated  with  a  normally  Inc idnet  collimated 
laser  beam.  The  complex  field  amplitude  of  the  wavefield  in  the 
bock  focal  plane,  the  transform  plane.  Is  given  by  the  well  known  formula 


w  4'+ "*-*'***' 


•  if  (X  xft  +  y  y  ) 

x  IS  t(x0.y0)  e  F  0  0 


(1) 


In  which  the  Integral  Is  recognized  as  the  two  dimensional  Fourier 
transform  of  the  object  transmittance.  T(x,y)  becomes  the  exact 
Fourier  transform  of  t(x0,yQ)  when  d  *  F  that  Is  when  the  object 

transparency  Is  placed  In  the  Front  focal  plane  of  the  lens.  The 
power  spectrum  associated  with  the  transform  Is  real  and  can  be 
projected  on  a  screen  placed  In  the  back  focal  plane.  It  Is  also 
well  known  that  a  scaled  version  of  the  transform  can  be  obtained 
in  the  back  focal  plane  by  placing  the  object  tranparency  In  the 

g 

converging  laser  beam  to  the  right  of  the  lens  . 

*Named  after  Lloyd  Cross  the  originator  of  Integral  holography. 
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1.  Real  Fourier  transform  formed  with  a  convergent  lens 
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Noting  that  eq.  (1)  does  not  change  when  we  replace  d  by  -d, 

F  by  -F,  xQ  and  yQ  by  -xQ  and  -yQ  respectively,  we.  can  arrive  at  the 

complementary  VFT  arrangement  Illustrated  In  Fig.  2.  An  Inverted 
transparency  t(x0,yQ)  Is  placed  now  In  the  divergent  coherent  beam 

to  the  right  of  the  divergent  lens  (of  focal  length  -F)  and  a  VFT 
given  by  eq.  (1)  Is  observed  In  the  virtual  focal  plane  of  the  lens. 

The  same  VFT  can  be  seen  by  removing  the  divergent  lens  and  replacing 
the  laser  beam  with  a  point  source  placed  at  the  origin  of  the  VFT 
plane  as  depicted  In  Fig.  3.  Thus  a  simple  way  of  viewing  the  power 
spectrum  associated  with  the  VFT  of  a  given  diffracting  screen 
(which  Is  usually  a  Fourier  transform  hologram  or  a  projection 
hologram  of  the  type  described  above)  Is  to  hold  the  screen  close 
to  the  eye  and  look  through  It  at  a  distant  bright  point  source.  The 
point  source  used  need  not  be  derived  from  a  laser.  In  fact  It  Is 
preferable  for  safety  purposes  to  use  an  LED  or  a  spectrally  filtered 
minute  white  light  source  such  as  a  "graln-of-wheat"  subminiature 
Incandescent  lamp  or  a  miniature  Christmas  tree  decorating  lamp 
covered  by  a  color  or  Interference  filter.  This  has  the  added 
Advantage  of  furnishing  a  measure  of  control  over  the  coherence  proper¬ 
ties  of  the  wavefleld  Impinging  on  the  screen  providing  thereby  a 
means  for  reducing  coherent  noise  In  the  observed  VFT  and  also,  as 
will  be  ^scussed  below,  a  means  for  coherent  or  noncoherent  super¬ 
pose  ■  v'--'  tff  VFT's.  As  the  distance  of  the  point  source  from  the 
dl.  seeing  screen  Is  decreased  In  order  to  make  it  compatible  with 
typical  laboratory  or  optical  bench  dimensions,  the  size  of  the 
observed  VFT  decreased  because  of  the  change  in  the  curvature  of  the 
wavefleld  Illuminating  the  diffracting  screen.  To  compensate  for  this 
effect  it  Is  necessary  to  reduce  the  size  of  the  diffracting  screen  or 
transparency  often  to  such  a  scale  where  viewing  the  VFT  throught  the 
small  available  aperture  becomes  difficult.  To  overcome  this  limitation 
the  displacement  property  of  the  Fourier  transform  can  be  utilized. 

A  composite  transparency  containing  an  ordered  or  random  array  of 
reduced  replicas  of  the  transmittance  function  t(xQ,y0)  arranged  side 

by  side  as  Illustrated  In  Fig.  4  Is  prepared.  When  such  a  composite 
transparency  is  viewed  with  the  point  source,  the  VFT's  formed  by  the 
Individual  elements  will  overlap  In  the  virtual  Fourier  plane.  The  VFT's 
are  Identical  except  for  Linear  phase  dependence  on  x,y  which  depends 
In  each  VFT  on  the  central  position  of  each  element  in  the  composite 
transparency.  This  leads  to  a  desirable  noise  averaging  effect  and 
the  appearance  of  fine  checkered  texture  In  the  Image  detail.  All 
this  leads  to  an  enhancement  of  the  quality  of  the  observed  power 
spectrum.  Both  coherent  and  noncoherent  superposition  of  the  over¬ 
lapping  VFT's  Is  possible  using  this  scheme  by  varying  the  coherence 
area  of  the  wavefleld  Illuminating  the  composite  transparency.  When 
the  coherence  area  Is  roughly  equal  to  the  size  of  the  Individual 
elements  of  the  composite  transparency  noncoherent  superposition 
results,  while  a  coherence  area  equal  or  greater  than  the  size  of  the 
composite  transparency  would  yield  coherent  superposition. 


Virtual  Fourier  Object  plane 

transform  plane  transparency 


Point 

source 


Fig.  3.  Arrangement  for  viewing  a  virtual  Fourier  transform  with  a 
point  source 


Fig.  4.  A  composite  screen  consisting  of  an  ordered  array  of  Identical 
Fourier'  transform  projection  holograms. 


THREE  DIMENSIONAL  DISPLAY 


The  VFT  concept  and  the  "weighted  Fourier  domain  projection  theorem" 
discussed  above  can  be  combined  in  an  attractive  scheme  for  the  recon¬ 
struction  and  display  of  a  3-D  image  from  a  series  of  weighted  projection 
holograms  corresponding  to  different  parallel  slices  through  the  object. 
The  scheme  is  based  on  viewing  a  series  of  weighted  projection 
holograms  sequentially  in  the  proper  order  of  the  occurance  of  their 
corresponding  slices  in  the  original  object  while  displacing  the  point 
source  axially  for  one  hologram  to  next  by  an  axial  Increment  proportional 
to  the  spacings  bwtween  adjacent  object  slices.  In  this  fashion  the 
reconstructed  virtual  images  of  the  various  slices  are  seen  in  depth 
at  different  VFT  planes  that  are  determined  by  the  positions  of  the 
axially  Incremented  point  source.  Repeated  rapid  execution  of  this 
procedure  by  displacing  the  point  source  back  and  forth  leads  the 
observer  to  see  a  virtual  3-D  image  tomographically  in  parallel  slices 
or  sections  as  he  looks  through  the  series  of  projection  holograms 
passed  rapidly,  as  In  a  motion  picture  film,  infront  of  his  eyes. 

More  specifically  the  scheme  Is  based  on  preparing  a  series  of 
N  weighted  Fourier  domain  projection  holograms  from  the  3-D  Fourier 
domain  data  F(w)  of  a  given  object  f(r)  as  described  In  the  preceeding 
sections.  Each  of  the  projection  holograms  would  correspond  to  a 
different  parallel  slice  through  the  object.  A  composite  transparency 
similar  to  that  shown  In  Fig.  4  is  formed  for  each  projection  hologram. 

In  fact  Fig.  4  Is  an  example  of  a  computer  generated  composite  hologram 
containing  an  array  of  Identical  weighted  projection  holograms  corres¬ 
ponding  to  one  slice  of  the  test  object  shown  In  Fig.  5.  The  test 
object  chosen  consisted  of  eight  point  scatterers  arranged  as  shown. 

The  3-D  Fourier  space  of  this  test  object  was  accessed  in  a  computer 
simulation  of  wavelength  diversity  Imaging  as  described  in  a  companion 
paper  In  this  volume*. _  The  resulting  computer  generated  Fourier 
space  data  manifold  F(w)  was  used  to  compute  three  weighted  projection 
holograms  corresponding  to  the  three  planes  R^*lm,0,lm  of  Fig.  5 

containing  the  three  different  distributions  of  point  scatterers.  A 
composite  array  such  as  that  of  Fig.  4  was  formed  and  displayed  by  the 
computer  for  each  of  the  three  projection  holograms,  each  was  photo¬ 
graphed  yielding  a  set  of  three  projection  hologram  composite  trans¬ 
parencies.  Copies  of  these  were  then  mounted  on  a  rotating  wheel  as 
shown  in  Fig.  6  (a)  and  viewed  with  an  axially  scanned  point  source. 

Four  sets  of  transparency  copies  of  these  three  composite  projection 
holograms  were  mounted  in  the  order  1,2, 3, 2, 1,2  ...  on  the  periphery 
of  a  rotating  wheel  as  shown  In  Fig.  6  (a).  The  wheel  is  driven  by 
a  computer  controlled  stepper  motor.  The  axially  scanned  point  source 
was  produced  by  scanning  a  focused  laser  beam  back  and  forth  on  a 
length  of  fine  nylon  thread  with  the  aid  of  a  deflecting  mirror  mounted 
on  the  shaft  of  a  second  computer  controlled  stepper  motor  as  shown  in 
Fig.  6  (b).  The  laser  and  optical  bench  arrangement  for  forming  the 
scanned  focused  beam  appear  in  the  background  of  Fjg.  6  (a).  The 
computer  controlled  steppers  enable  precise  positioning  of  the  secondary 
point  source  on  the  scattering  thread  In  synchronism  with  the  hologram 

*See  paper  entitled  "Holography,  Wayelength  Diversity  Inverse 
Scattering"  in  this  volume. 


Fig.  5.  A  three-dimensional  test  object  consisting  of  a  set  of  eight 
point  scatterers  shown  In  Isometric  and  R'-R'  plane  views  at 
R'*-z^,0,z^.  x  *y  *z  *100  cm.  x  x 
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Fig.  6.  Quasi  real-time  three-dimensional  Image  reconstruction  and 
tomographic  display  In  successive  slices  from  a  series  of 
projection  holograms  mounted  on  rotating  wheel  seen  In  fore 
front  of  (a);  Detail  of  laser  scanner  used  to  produce 
linearly  scanned  point  source  Is  shown  In  (b). 


photographing  the  VFT's  formed  from  corresponding  Fourier  domain  projection  holograms. 


being  viewed  so  that  the  VFT  are  formed  In  their  proper  planes.  A 
viewer  looking  at  the  axially  displaced  point  source  through  each 
transparency  mounted  on  the  wheel  as  It  passes  Infront  of  his  eye 
will  see  a  3-D  virtual  Image.  Photographs  of  the  three  virtual  Images 
seen  by  an  observer  In  this  fashion  are  shown  In  Fig.  7.  An  opto- 
dlgltal  scheme  for  rapid  real-time  implementation  of  the  procedure  realized 
above  Is  shown  in  Fig.  8.  This  scheme,  presently  under  study,  utilizes 
a  rapid  recyclable  spatial  light  modulator  (SLM)  such  as  the  Itek  PROM 
In  order  to  form  VFT's  of  the  projection  holograms  displayed  by  the 
computer  In  real-time. 

CONCLUSIONS 

We  have  presented  the  basic  principles  of  tomographic  3-D  Image 
display  based  on  Fourier  domain  projection  theorems.  One  possible 
Implementation  of  the  principle  using  the  virtual  Fourier  transform 
and  a  series  Fourier  domain  projection  holograms  has  been  described. 

There  are  several  advantages  for  using  the  VFT  rather  than  the  real 
Fourier  transform  (RFT),  the  most  Important  of  which  Is  the  ease  with 
which  the  position  of  the  VFT  plane  can  be  moved  axially  by  simply 
moving  the  position  of  the  reconstruction  point  source.  The. VFT  approach 
was  adopted  In  the  present  study  because  It  Is  much  easier  to  move  a 
point  source  rapidly  than  to  move  the  display  screen  needed  In  the  RFT 
approach.  Furthermore  focusing  In  the  VFT  approach  Is  carried  out  by 
the  observer  while  in  the  RFT  approach  It  must  be  performed  by  the 
system.  Other  attractive  features  of  the  VFT  are: 

(a)  Simplicity  -  enables  direct  viewing  of  the  power  spectrum 
of  a  transparency  or  a  hologram  with  a  variety  of  simple  point 
sources. 

(b)  The  scale  of  the  observed  VFT  can  be  easily  altered  by 
changing  the  distance  between  the  projection  hologram  transparency 
and  the  reconstruction  point  source. 

(c)  Lower  speckle  noise  and  therefore  higher  reconstructed  image 
quality  can  be  attained  by  using  nonlaser  point  sources  in  the 
reconstruction  such  as  LED  or  miniature  spectrally  filtered 
Incandescent  lamps.  Further  reduction  In  speckle  noise  occurs 
when  an  array  of  the  projection  hologram  rather  than  a  single 
hologram  Is  used  and  when  the  hologram  Is  slightly  vibrated  or 
Is  In  motion  because  of  a  noise  averaging  effect. 

(d)  Coherent  and  noncoherent  superposition  of  VFT's  is  possible 
by  altering  the  coherence  area  of  the  reconstruction  wave! field. 

(e)  Because  of  the  Fourier  transform  nature  of  the  projection 
holograms  utilized,  the  resolution  requirements  from  the 
storage  medium  (photographic  film  or  the  CRT/SLM  system  of  Fig.  8) 
are  much  lower  than  would  be  needed  in  the  recording  of  a  Fresnel 
hologram  of  the  object  as  a  means  of  3-D  Image  display.  The  3-D 
image  detail  contained  In  the  single  Fresnel  hologram  Is  now 
distributed  over  a  series  of  lower  resolution  projection  holograms 
which  are  used  to  form  the  3-D  Image  sequentially  In  time  In 
Individual  slices. 

#  i 


Opto-dlgltal  scheme  for  the  reconstruction  and  display  of  3-D  Images  using  a  recyclable 
spatial  light  modulator  and  a  point  source  to  view  the  VFT  in  real-time. 


(f)  Because  3-D  Image  reconstruction  is  tomographic  (in  separate 
slices)  there  is  no  Interference  between  the  wavefields  forming 
the  various  slices. 

(g)  Permits  other  forms  of  3-D  Image  display  Involving  spatial  or 
angular  multiplexing  in  a  fashion  similar  to  integral  holography. 
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Frequency  Swept  Tomographic  Imaging  of  Three-Dimensional  Perfectly 

Conducting  Objects 
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Akttrmct — The  use  of  freqtty  swept  or  frequency  diversity 
RtWfw  to  acUovt  sops  rrsiolot loo  ia  the  imafiog  of  thrcc-di- 
oieaslsoel  perfectly  coodoctlof  objects  is  studied  sad  deoieost rated 
by  cot po ter  iIbmIsiIsbi.  The  freqoeucy  swept  imaging  coocept  is 
Feood  to  he  a  geoeraHiatloo  of  the  iaverse  scatterias  theory.  By 
iavokiag  Foorier  dotaaia  projectloa  theorems,  R  is  demeast rated 
analytically  that  images  of  separate  slices  of  three-dimewshmal  targets 
caa  be  ohtaiaed.  tins  cstaMisMag  the  feasibility  of  a  tomographic 
radar.  Csaspoter  sfaaolatioa  resoits  that  verify  these  theories  for 
eateaded  aad  composite  poiat  scattering  objects  art  prcscoted. 

I.  INTRODUCTION 

ONE  OF  THE  MAIN  design  objectives  of  a  microwave 
imaging  system  ia  to  have  good  image  resolution.  It  would 
be  highly  desirable  if  the  microwave  resolution  can  approach 
that  of  an  optical  imaging  system.  Such  high  resolution  cou¬ 
pled  with  the  excellent  penetration  of  microwaves  through 
dielectrics,  inclement  weather,  and  low-loss  materials  can  lead 
to  important  advances  in  radar,  nondestructive  testing,  and 
certain  types  of  medical  imaging  with  ultrasound  substituting 
for  microwaves.  The  attainment,  of  high  resolution  by  con¬ 
ventional  means  is,  however,  not  an  easy  task  because  of 
practical  limitations  stemming  from  the  fact  that  microwaves 
are  more  than  10s  times  longer  than  optical  wavelengths.  It 
is  easy  to  show  using  the  well-known  classical  Rayleigh  cri¬ 
terion  for  estimating  the  two-point  resolution  of  an  imaging 
system  that  in  order  to  make  a  microwave  imaging  system 
operating,  for  example,  at  IS  GHz  attain  the  same  angular 
resolution  as  a  5-cro  diameter  optical  aperture  operating  at 
a  mean  wavelength  of  0.S  Jim,  the  recording  aperture  for 
the  microwave  imaging  system  has  to  be  2  km  in  size.  The 
number  of  coherent  receivers  needed  to  adequately  sample 
the  object  scattered  field  over  such  an  aperture  would  be 
prohibitively  large  rendering  the  whole  idea  economically 
unattractive  even  if  technically  feasible. 

Because  of  the  rapid  growth  of  microwave  remote  sensing 
in  both  military  surrellauce  and  civilian  applications  such  as 
geological  exploration  and  all-weather  radar  systems  for 
aircrafts,  there  is  a  constant  demand  for  improvement  of 
image  resolution.  Towards  this  goal,  different  attempts  have 
been  made  to  try  and  achieve  a  resolution  better  than  that 
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predicted  by  the  Rayleigh  resolution  criterion  as  applied  to 
the  available  recording  aperture.  The  basic  idea  normally 
involved  is  to  extend  the  effective  area  of  the  physical  re¬ 
cording  aperture  through  clever  mathematical  data  proces¬ 
sing  techniques  or  data  acquisition  schemes.  In  this  fashion, 
by  synthesizing  an  effective  receiving  aperture  larger  than  the 
actual  physical  aperture  of  the  imaging  system,  resolution 
better  than  the  classical  resolution  limit  of  the  available 
physical  aperture,  or  in  other  words,  supenesolution,  is 
achieved.  However,  most  of  these  methods  are  either  ex¬ 
tremely  sensitive  to  noise  or  ate  only  applicable  in  tightly 
controlled  environments  [  I  ] -[  1 0) .  The  term  superresolu¬ 
tion  is  customarily  associated  with  analytic  continuation 
methods  where  the  complex  field  amplitude  recorded  over 
a  specified  aperture  is  utilized  to  compute  the  values  of  the 
field  outside  the  aperture  boundary.  In  this  way,  one  can 
progressively  determine  the  complex  field  amplitude  over 
an  area  larger  than  the  physical  aperture  available  and  achieve 
thereby  higher  resolution  than  that  determined  by  the  data 
recorded  over  only  the  physical  aperture.  It  la  in  this  sense 
that  the  term  supenesolution  is  used  in  this  paper.  We  record 
the  field  over  a  given  finite  aperture  at  several  frequencies  or 
over  a  given  frequency  range,  then  sort  out  the  data  to  syn¬ 
thesize  a  larger  size  aperture  that  gives  rise  to  a  supenesolved 
image;  i.e.,  an  image  of  higher  resolution  than  that  obtained 
with  the  original  monochromatic  physical  aperture.  A  most 
practical  and  effective  method  in  achieving  superresolution, 
in  the  authors'  opinion,  is  through  the  utilization  of  the  “time 
channel”  whereby  one  collects  in  time  more  information 
about  the  scattering  object  or  equivalently  synthesizes  added 
dimensions  to  the  available  recording  aperture  [11],  The  well- 
known  principle  of  the  synthetic  aperture  radar  (SAR)  and  the 
frequency  swept  imaging  (FSI)  principle  described  in  this 
paper  represent  two  examples  that  utilize  the  time  channel 
to  increase  the  amount  of  information  collected  and  thereby 
also  resolution.  In  the  SAR  example  a  time  derived  two- 
dimensional  aperture  ia  synthesized  by  either  motion  of  the 
monoatatic  transmitter-receiver  pair  (12),  [13],  [35]  or 
motion  of  the  target  [14]  and  by  sweeping  of  the  ground 
swath  with  the  illuminating  pulse.  In  FSI,  the  linear  FM  or 
chirp  signal  produced  by  a  transmitter  is  used  to  synthesize 
added  dimension  to  the  recording  aperture.  No  motion  of 
either  transmitter-receiver  or  target  is  necessary  for  this 
imaging  scheme.  These  methods  are  much  more  practical  in 
achieving  auperresolution  than  the  techniques  mentioned 
earlier  becauae  additional  data  are  not  extrapolated  but  are 
actually  gathered  by  relative  motion  between  the  object, 
the  transmitter,  receiver,  or  as  in  FSI,  by  frequency  sweep¬ 
ing  or  frequency  diversity. 

The  concept  of  synthesizing  an  imaging  aperture  by  fre¬ 
quency  sweeping  was  analyzed  by  Farhat  [15]  and  also 
studied  later  by  Jain  [16].  It  was  found  that  by  sweeping 
the  frequency  of  the  incident  illumination,  a  one-dimen- 
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sionil  aperture  can,  under  certain  circumstances,  be  syn¬ 
thesized  with  a  single  coherent  receiver.  In  the  case  of  a  linear 
array  of  receivers,  a  two-dimensional  recording  aperture  can 
be  generated  (17).  Direct  extension  of  the  FSI  concept  to 
the  imaging  of  three-dimensional  objects  is  not  straightforward 
because  of  the  limitations  of  the  Fresnel  Kirchhoff  diffrac¬ 
tion  integral  formulation  to  one-  and  two-dimensional  dis¬ 
tributions.  An  approximate  Fourier  optics  approach  is  pos¬ 
sible,  however  (32).  Here  a  more  precise  formulation  is 
developed. 

It  was  shown  in  1969  by  Bojarski  and  Lewis  (18),  (19) 
that  a  three-dimensional  Fourier  transform  relationship 
exists  between  the  shape  of  a  three-dimensional  perfectly  con¬ 
ducting  object  and  its  backscattered  far  field.  It  was  found 
that  by  recording  the  monostatic  backscattered  far  field  at 
different  frequencies  and  target  aspect  angles,  the  three- 
dimensional  shape  of  the  object  can  be  retrieved. 

In  this  paper,  we  will  show  that  the  extension  of  the  FSI 
concept  to  three-dimensional  objects  is  a  multistatic  general¬ 
ization  of  the  work  of  Bojanki  and  Lewis  which  was  also 
studied  by  Raz  (201.  It  will  also  be  shown  that  by  chirping 
the  transmitted  signal  and  receiving  the  target  echoes  by  a 
two-dimensional  receiver  array,  a  space-time  signal  containing 
the  three-dimensional  far- field  spectrum  of  the  target  is  re¬ 
corded.  By  using  the  Fourier  transform  property  between  the 
three-dimensional  object  and  its  far- field  images  of  slices  of 
the  three-dimensional  object  can  be  reconstructed.  The  con¬ 
cepts  discussed  are  verified  for  both  extended  and  point  ob¬ 
jects  employing  computer  generated  data  and  hybrid  (digital/ 
optical)  data  processing  in  the  image  reconstruction.  Although 
the  discussion  refers  specifically  to  frequency  swept  tech¬ 
niques,  it  wiO  be  clear  that  other  frequency  diversity  tech¬ 
niques  such  as  frequency  stepping  or  simultaneous  multi- 
frequency  illumination  and  reception  with  channelized  re¬ 
ceivers  are  equally  applicable. 

11.  THE  THEORY  OF  FREQUENCY  SWEFT  IMAGING 

It  la  well-known  (19),  (21),  (22)  that  in  the  physical 
optics  approximation  the  scattered  far  field  for  a  perfectly 
conducting  object  illuminated  by  a  plane  monochromatic 
wave  is  given  by 


Fig.  1.  Scattering  geometry.  Incident  plane  wave  with  wave  vector  f  is 
scattered  by  three-dimensional  perfectly  conducting  object.  Scattered 
far  field  is  recorded  by  receiver  at  location  R. 


broad-band,  e.g.,  Linear  FM,  i.e., 


(2) 

(3) 

(4) 


W) - ~  e-/*<A**r>  //? .  (1) 

where  p  «  *«  -  I  and,  as  shown  in  Fig.  1,  (X  +  Rt)  it  tha 
round  trip  distance  between  the  transmitter,  acstterar,  and 
tha  receiver,  k  is  the  incident  ware_  vector  along  the  line  from 
.transmitter  to  canter  of  acattarer,  **  is  the  “scattering”  wave 
vector  in  the  direction  of  the  observer  along  the  line  from  the 
center  of  the  acatterer  to  the  receiver  at  Pq  which  is  located 
in  the  far  field  of  tha  object  S,u  is  the  illuminated  surface 
of  the  acatterer,  5  is  the  outward  normal,  and  da'  is  tha  dif¬ 
ferential  surface  element.  The  result  in  (1)  shows  that  for 
the'  case  of  plane  monochromatic  incident  illumination,  tha 
scattered  far  fiald  recorded  by  the  receiver  can  be  expressed 
in  two  parts:  1)  the  exponential  term  #“/*(***r)  which  ac¬ 
counts  for  the  propagation  time  delay  from  the  transmitter 
to  the  center  of  the  scattering  object  and  back  to  the  re¬ 
ceiver,  and  2)  the  integral  which  is  characteristic  of  the  scat¬ 
tering  body. 

Whan  tha  incident  illumination  is  nonmonochromatic  or 


and  kit)  m  k,(l  +  yt)  is  the  time  dependent  wavenumber 
for  the  linear  FM  transmitted  wsve,  with  y  being  toe  chirp 
rate  lm  and  7*  are  unit  vectors  in  toe  direction  of  k0  and  k, 
respectively. 

Equation  (3)  shows  that  when  toe  incident  illumination 
is  a  chirp  waveform,  the  scattered  far  field  recorded  by  a  re¬ 
ceiver  is  also  a  chirp  but  time  delayed  by  the  propagation 
time  and  modulated  by  a  time  dependent  integral  that  is  de¬ 
pendant  on  the  structure  of  the  scatterer  and  the  directions 
of  illumination  tnd  observation.  Comparing  (1)  and  (3)  re¬ 
veals  the  similarity  between  the  two  casee.  The  difference  in 
the  FSI  case  is  that  by  illuminating  the  three-dimensional 
perfect  conductor  with  a  time  dependent  wave  form  (chirp), 
the  recorded  scattered  far  field  that  characterizes  the  scat¬ 
terer  is  also  time  dependent.  It  is  this  tone  dependent  integral 
in  (4)  which  gives  rise  to  the  image  of  the  scatterer. 

III.  FREQUENCY  SWEPT  IMAGING  AND 
INVERSE  SCATTERING 

In  this  section,  the  relationship  between  bistatic  FSI  and 
the  inverse  scattering  imaging  problem  is  discussed.  It  is 
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found  that  FS1  is  a  multistatic  generalization  of  the  work 
of  Bojarski and  Lewis  (181,  [19|. 

The  surface  integral  in  (3)  can  be  defined  as  p[p(t)]  as 
follows: 


p{p(01 


It 


p(t)e/P(»'X‘  da' 


the  form 


0(R')eip'R  d3R'. 


^ whole 
/{'space 


The  three-dimensional  shape  of  the  scatterer  can  therefore 
be  reconstructed  by  inverse  Fourier  transforming  f(p).  i.e., 


where  p[p(r) J  is  a  function  of  the  directions  of  the  incident 
illumination  (/*)  and  the  receiver  (im)  and  the  nature  of  the 
illuminated  surface  of  the  object.  The  quantity  n‘p  can  be 
regarded  as  a  scattering  strength  of  a  surface  element  into 
p  space.  Equation  (3)  can  now  be  written  as 


E,  f- 


R+R,\ 


EAR.t) 


2VS3T 


P(p(01 


(  0(R')*f*(,)'*  d3R' 

_whol« 


_whol» 
A' space 


2y/i 

(rtp(0  +  r'I-pCOI  } 

IfKOI 


1,  R'inV 


0,  R'  not  in  V' 


with  V  being  the  shaped  volume  of  the  object. 
We  define 


r (p)e-/P-*‘  d3p 


whole 
p  -  space 


where  d3p  is  an  element  of  volume  in  p  space. 

When  r(p)  is  only  measured  in  a  Finite  portion  of  p  space, 
a  sampling  function  H(p)  can  be  defined  as 


H(p)  = 


1 ,  where  T  is  measured 

0,  elsewhere. 


Following  a  reasoning  similar  to  that  in  Raz  {20]  with 
p  now  being  a  function  of  time  f,  it  can  be  shownJ33]  that 
pl/XOl  is  related  to  the  characteristic  function  O(R')  of  the 
target  by 


In  this  situation  a  diffraction  limited  characteristic  function 
Od(R  )>  or  three-dimensional  “image”  is  expressed  as 


Od(R')=  (  r(p)H(p)e~lp'R  d3p 

Jin  holt 


'whole 
p space 

=  0{R')»h(R')  (16) 

where  _•  denotes  a  three-dimensional  convolution  operation 
and  h(R')  is  the  three-dimensional  Fourier  transform  of  the 
sampling  function  H(P). 

For  radar  imaging  applications,  where  it  is  impractical  to 
illuminate  the  front  and  back  side  of  the  target  as  required 
above  and  in  (8],  Lewis  [20]  suggested  treating  the  scat¬ 
tering  object  as  symmetrical  about  the  contour  dividing  its 
illuminated  and  dark  regions.  In  this  situation, 

p[-p(01  *  PlP(0l  (17) 

and  (2 1 )  is  reduced  to 


n«oi 


/_  whole 
Jt'spic# 


d3R' 


*J(fXl  +cosa) 


{p(p(r)]+p*(-p(r)]}  (11) 


Hp(0] 


*(00  +  COSO) 


Re  {pIp(01} 


It  is  evident  that  r(p(r)]  is  a  three-dimensional  spatial  Fourier 
transform  of  the  characteristic  function  O(R').  In  terms  of 
P(P<0)  which  can  be  derived  from  the  measured  data  as 
indicated  in  (6), 


rtp(0]  -  rrr*  {ptp(ni  +  Pt-p(0J}  (io) 

lp(0l 


where  a  is  the  sngle  between  the  transmitter  the  center  of  the 
scatterer  and  the  receiver  u  shown  in  Fig.  1 .  We  note  from 
(4)  that  although  p(e)  is  a  function  of  time  t,  it  can  be  treated 
as  an  independent  variable  permitting  the  rewriting  of  (9)  in 


Now  we  are  in  a  position  to  determine  which  part  of  the 
p  space  is  accessed  by  the  data  F(p)  recorded  by  means  of  the 
geometry  of  Fig.  1  when  the  incident  illumination  is  a  linear 
FM.  From  the  definition  of  p(t)  in  (4)  i.e.,  p(t)  =  *(rXim  - 
/*),  it  is  evident  that  for  a  fixed  transmitter  and  receiver 
position,  fp(r)l  is  linearly  proportional  to  k(t),  the  incident 
wavenumber.  As  the  imaging  chirp  frequency  increases,  the 
wavenumber  varies  linearly  from  k(T  _  0)  *  fct  to  k(t  ■  T)  « 
ft]  ■  k |(1  4  yT)  and  the  vector  p(t}  assumes  the  values  on  a 
straight  line  from  p(0)  «  kx(Jm  -  i *)  to  p(t)  *  k2(Tm  -  ik) 
in  the  direction  <Jm  -  Tk).  Fig.  2  shows  the  position  of  this 
p  space  scan  line  when  for  convenience  the  center  of  the  three- 
dimensional  scatterer  is  chosen  to  coincide  with  the  center  of 
the  three-dimensional  p  space.  Figs.  3  and  4  show  that  when 
there  are  more  than  one  receiver,  T(p)  data  is  recorded  along  a 
group  of  p  space  Kan  lines  each  having  a  different  directional 
vector  (im  -ik )  depending  on  receiver  position. 
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Fig.  2.  Scut  line  P(t)  in  three-dimensional  p  space  produced  by  FSI  FI*.  4.  Three  dimensional  p  space  accessed  by  frequency  sweeping 

with  receiver  located  at  R  and  three-dimensional  scatterer  directly  and  two-dimensional  array  of  receivers, 

above  transmitter  T. 


The  remit  of  thie  section  shows  graphically  that  frequency 
diversity  techniques  employing  a  two-dimensional  array  of  re¬ 
ceivers  and  one  or  more  transmitters  allow  accessing  a  finite 
sampled  volume  in  the  three-dimensional  Fourier  space  (p 
space)  of  the  object.  Inverse  Fourier  transformation  of  the 
acquired  set  of  data  T(p)  according  to  (15)  should  yield  a 
three-dimensional  diffraction  limited  image  of  O(R)  of  the 
scattering  perfectly  conducting  three-dimensional  object. 

In  practice  the  acquisition  of  the  three-dimensional  data 
manifold  T(p)  of  (182.  would  involve  coherent  detection  of 
tta  scattered  field  E/R,  r)  of  (6)  at  each  receiver  location  and 
eawartiag  the  measurement  for  the  unequal  phase  shifts  due 


to  propagation  between  the  center  of  the  object  and  each 
receiver.  One  convenient  way  of  removing  this  range  de¬ 
pendent  phase  in  practice  is  to  apply  a  target  derived  reference 
technique  (34]  suggested  by  Porter.  __ 

The  three-dimensional  resolution  of  the  image  0<t(R') 
depends  on  the  three-dimensional  extent  of  the  P  space  data 
used  in  the  three-dimensional  inverse  Fourier  transform  opera¬ 
tion  (33( .  Specifically ,  resolution  AR,  in  the  R,  direction 
depends  roughly  on  Apt,  the  extent  of  H  in  the  pt  direction  as 


AR,' 


2n  2  it 

ap*  [p,(n-p,(o)i 


(19) 


Using  the  geometry  in  Figs.  1  and  2,  it  can  easily  be  shown 
that  AR,'  can  be  reduced  to 


(20) 


where  \j,  X2  are  the  longest  and  shortest  wavelengths,  of  the 
transmitted  chirp  and  a  is  thie  angle  between  the  transmitter, 
the  center  of  the  target,  and  a  receiver. 

The  resolutions  in  the  Rx  and  Ry'  directions,  however, 
depend  roughly  on  the  size  of  the  area  projected  by  the  set 
of  p  lines  defining  H  onto  the  px,  py  plane;  i.e., 


(21) 


where  Apx,  Apy  are  the  extents  of  px>  py  plane  spanned  by 
the  projected  p  space  data  lines  of  the  array  of  receivers.  For 
the  example  of  a  single  receiver  situated  along  either  the  x  or 
y  axis,  ApXty  a  (*2  -  *|)  sin  a.  Thus 


AR 


x.y 


2* 

*P*,y 


1 

I  —  XjAi 


(22) 
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Equations  (20)  and  (22)  are  general  and  applicable  to  the 
geometry  of  a  circular  array  of  receivers  surrounding  a  central 
transmitter  which  is  the  geometry  chosen  in  the  simulation 
examples  that  will  be  described  in  Section  VI  of  this  paper. 

If  the  echo,  or  specifically  the  object  frequency  response 
recorded  by  each  receiver,  is  also  sampled  in  time,  then  the 
three-dimensional  p  space  data  will  only  be  recorded  for  a 
discrete  grid  of  points  in  three-dimensional  p  space.  Aliasing 
can  be  avoided  if  the  Nyquist  criterion  is  satisfied  in  each 
direction,  i.e.,  if  the  target  orthogonal  dimensions  or  maxi¬ 
mum  extents  are  *o*  >o*  *o>  the  number  of  sample  points  in 
each  direction  has  to  be 


Ny 


(23) 


IV.  FOURIER  DOMAIN  PROJECTION  THEOREMS 


Equation  (27)  shows  that  by  projecting  the  three-dimen¬ 
sional  p  space  data  onto  a  given  plane,  the  two-dimensional 
transform  of  the  projected  data,  which  we  refer  to  as  a  pro¬ 
jection  hologram,  gives  an  image  of  a  central  cross  sectional 
slice  of  the  object  parallel  to  that  plane.  In  the  case  of  per¬ 
fectly  reflecting  objects,  the  slice  is  actually  a  cross  sectional 
outline  of  the  object.  If  T(p)  is  multiplied  by  a  weighting  func¬ 
tion  of  the  form  e~^Pz  before  performing  the  projection,  i.e., 

r*.p,oj  (Px.Py)=  f  r(p)e-i"*  dpx,  (28) 

then  it  can  readily  be  shown  that  the  two-dimensional  inverse 
transform  of  proj  (px.  py)  gives 

O0,eroj(**\  */>  -  °(Rx\ Rt  •  0)  (29) 


It  is  shown  in  the  previous  sections  that  a  three-dimensional 
Fourier  transform  operation  applied  to  the  recorded  p  space 
data  should  produce  an  image  of  the  three-dimensional  per¬ 
fectly  conducting  scatter er.  In  practice,  this  three-dimensional 
image  retrieval  operation  can  be  carried  out  digitally  using 
fast  Fourier  transform  (FFT)  algorithms.  However,  even  with 
the  speed  of  the  FFT,  a  three-dimensional  FFT  computation 
could  be  time  consuming  which  could  preclude  real-time 
image  reconstruction  that  is  highly  desirable  in  many  in¬ 
stances.  This  leads  to  the  question  of  whether  or  not  coherent 
optical  processing  of  the  three-dimensional  p  space  data  is 
feasible.  Since  optical  processing  is  carried  out  in  parallel  at 
the  speed  of  light  instead  of  a  sequential  fashion  as  in  digital 
computers,  a  huge  reduction  of  processing  time  can  be  ex¬ 
pected.  However,  direct  coherent  optical  processing  of  three- 
dimensional  data  is  not  feasible  because  of  the  inherent  two- 
dimensional  Fourier  transform  property  of  converging  lenses 
[S] ,  thus  a  scheme  has  to  be  developed  to  reduce  the  three- 
dimensional  p  space  data  to  two-dimensional  format  before 
optical  processing  can  be  applied.  The  principle  that  allows 
a  reduction  of  three-dimensional  p  space  data  to  the  two- 
dimensional  format  needed  for  image  reconstruction  is  based 
on  Fourier  domain  projection  theorems  (FDPT)  [24],  (26], 
(28]-{31 1 .  In  this  section,  the  FDPT  is  outlined  and  extended 
to  a  weighted  FDPT.  It  is  shown  that  these  theorems  can  be 
applied  to  the  FSI  problem  to  reconstruct  images  of  three- 
dimensional  objects  tomographically 1  slice  by  slice. 

Let  0(R')  and  IXp)  be  the  three-dimensional  Fourier  trans¬ 
form  pain  as  described  in  (12)  and  (13).  Defining  a  projection 
of  r(f?)  onto  the  px  -  py  plane  as 

rproi  (Px'  Py) *  j  Wp)<*Pt  (24) 


and  Oproj  (Rx<  Ry  )  as  the  two-dimensional  tmnsform  of 
rpr0j  (px,  py),  we  obtain, 

Oproj (Rg  >Ry  )m  j ^  rproj(Pxi  Py) 

.  f-l(Px*x'*Py*y  )  dpx  dpy  (23) 

r fp)e-KPx*x'*Py*y) 


III 


•  dpx  dpy  dp,  (26) 

-O(Rx',Ry',Rt'-0).  (27) 


1  Tomography  comes  from  the  Greek  word  tomes  meaning  dice. 


It  is  evident  from  (27)  that  by  multiplying  TCp)  with  an 
exponential  weighting  factor  before  performing  the  projec¬ 
tion  operation,  cross  sectional  outlines  of  O(R')  can  be  ob¬ 
tained  at  planes  other  than  R,  =  0  that  are  selected  through 
the  parameter  0.  Since  this  weighting  function  is  introduced 
after  the  recording  of  the  scattered  data,  parallel  slices  of  the 
three-dimensional  object  O(R)  can  be  reconstructed  slice  by 
slice  by  changing  the  parameter  0. 

V.  COMPUTER  SIMULATION  RESULTS  FOR  FSI 

In  this  section  computer  simulation  examples  are  pre¬ 
sented  to  demonstrate  the  FSI  theories  developed  in  the 
previous  sections.  Both  extended  and  point  scatterer  objects 
are  considered  in  the  simulations.  For  the  examples  pre¬ 
sented,  the  receivers  are  positioned  along  an  arc  of  a  circle 
with  the  transmitter  situated  at  the  center  of  the  circle.  This 
geometry  is  chosen  because  of  its  practical  potential  and  for 
the  simplicity  in  positioning  of  the  intensity  modulated  pro¬ 
jected  scan  lines  of  the  resulting  projection  holograms  on  the 
computer  display.  The  simulated  far  field  recorded  by  each 
receiver  generates  a  scan  line  of  data  in  the  three-dimen¬ 
sional  p  space.  These  scan  lines  are  projected  onto  the  px, 
py  plane  in  accordance  to  the  weighted  FDPT.  Optical  two- 
dimensional  Fourier  transforms  of  the  resulting  weighted 
projection  holograms  are  carried  out,  and  optical  images  of 
various  slices  of  the  three-dimensional  objects  are  recorded 
in  the  image  plane.  Since  far-field  data  for  a  perfectly  con¬ 
ducting  sphere  can  be  calculated  exactly  for  different  aspect 
angles  and  frequencies  using  the  Mie  series  formulation  (21], 
spheres  were  good  candidates  for  use  as  three-dimensional 
extended  objects  in  the  simulation. 

The  simulation  geometry  of  FSI  of  two  adjoining  perfectly 
conducting  spheres  is  shown  in  Fig.  S.  The  two  spheres  are 
assumed  each  to  be  one  meter  in  diameter,  and  each  is  off¬ 
set  by  a  distance  of  50  cm  from  the  R,'  axis.  Fifty  re¬ 
ceivers  forming  an  arc  from  6  *  23°  to  1  SS°  with  2-3°  angular 
spacing  is  assumed.  The  ratio  of  Z0jRg  is  2,  thus  a  *  tan 

(Rf/Zo)  m  26.6°. 

The  frequency  sweep  display  was  limited  by  the  resolution 
capability  of  the  computer  display  and  covered  a  2-4-GHz 
range  consisting  of  100  equally  spaced  frequency  points.  The 
scattered  far  Held  recorded  by  each  receiver  is  assumed  to  be  a 
superposition  of  the  field  of  two  independent  spheres.  This 
assumption  is  valid  under  the  Bom  approximation,  i.e.,  when 
multiple  scattering  between  the  two  spheres  can  be  ignored. 
Using  (20)  and  (22),  the  resolutions  are  approximately  AR,'  « 
7.7  cm  snd  ARX'  «  ARy'  -  33.5  cm. 


•'  <■ 
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Fig.  5.  Geometry  used  in  FSI  of  object  consisting  of  two  perfectly 
conducting  spheres. 


Fig.  6.  Projection  hologram*  (left)  of  object  consisting  of  two  adjoin¬ 
ing  spheres  and  optical  reconstruction  of  corresponding  central 
cron  sectional  dices  through  two  spheres  (right). 


Fig.  6  shows  the  simulation  results  for  a  0  equal  to  0,  30, 
and  40  cm;  this  is  equivalent  to  producing  images  of  slices 
through  the  two  spheres  at  parallel  planes  equal  to  Rt‘  *  0, 
30,  and  40  cm,  respectively.  The  weighted  projected  holo¬ 
grams  for  the  three  cases  are  shown  in  Fig.  6(a),  (c),  and  (e), 
and  the  corresponding  optical  reconstructions  using  the 
optical  bench  arrangement  shown  in  Fig.  7  are  presented  in 
Fig.  6(b),  (d),  and  (f).  These  reconstructions  dearly  illustrate 
the  ability  to  retrieve  images  of  parallel  cross  sectional  out¬ 
lines  of  a  three-dimensional  scatterer  from  the  same  set  of  p 
space  data  utilizing  the  weighted  Fourier  domain  projection 
theorem. 

in  a  second  example  shown  in  Fig.  8,  an  object  consisting 
of  a  set  of  scatterers  each  of  which  is  too  small  to  be  resolved 
by  the  imaging  system  was  assumed.  The  geometry  for  this 
simulation  example  is  identical  to  that  of  Fig.  5  except  that 
the  number  of  receivers  in  this  case  is  reduced  to  16  equally 
spaced  along  an  arc  from  g  »  40*  to  0  *  77.3*  with  23* 
angular  spacing  between  adjacent  receivers.  The  value  of 
r<?>  for  the  test  object  of  Fig.  8  as  obtained  from  (28)  is 

T(p)»  1  +  «-/Pa* «  +  +  tKPyyo*pt*o) 

•  (1  +  2  cos  PgX o)  +  2t-H*yyo*Pn*Q)  cos  pxx 0. 

(30) 


r(p)  is  multiplied  by  a  phase  term  with  0  ■  -x0, 

0,  f«,  respectively,  before  the  projection  operations  is  per¬ 
formed  to  generate  the  weighted  projection  holograms  shown 
to  the  left  in  Fig.  9(a),  (b),  (c),  respectively. 

Optically  reconstructed  images  of  this  set  of  holograms 
dearly  show  that  slices  of  the  objects  at  different  parallel 
planes  perpendicular  to  the  direction  of  projection  can  be 
imaged  individually  using  the  weighted  Fourier  domain  pro¬ 
jection  theorem.  When  the  reconstructed  images  in  Fig.  9 


are  compared  to  the  geometry  of  the  object  in  Fig.  8,  it 
becomes  evident  that  the  relative  locations  of  the  scatterers 
in  different  R,'  planes  are  also  preserved  in  the  reconstruction. 
The  bright  regions  in  the  left  upper  and  right  lower  portions 
of  the  images  are  results  of  diffraction  by  spokelike  sampling 
format  in  the  projection  holograms  in  Fig.  9.  Unlike  the  pre¬ 
vious  example,  an  appropriate  spatial  carrier  has  been  included 
in  each  projection  hologram  to  separate  each  image  from  its 
conjugate  and  from  the  zero  order  light.  The  presence  of  both 
a  primary  and  a  conjugate  image  in  each  reconstruction  is  a 
well-known  consequence  of  the  optical  Fourier  transform 
when  the  input  function,  the  hologram  transmittance,  is  posi¬ 
tive  real  (5).  Such  a  spatial  carrier  was  not  included  in  the 
projection  holograms  for  two  spheres -in  the  proceeding  ex¬ 
ample,  and  as  a  result  the  primary  and  conjugate  images  of  the 
circles  were  on-sxis  and  superimposed.  Because  of  object  sym¬ 
metry,  however,  this  superposition  was  acceptable. 

VI.  CONCLUSION 

This  work  wu  initiated  to  study  the  possibility  of  extend¬ 
ing  the  concept  of  frequency  sweeping  to  the  imaging  of  three- 
dimensional  objects.  It  wu  found  that  a  three-dimensional 
Fourier  transform  relationship  exists  between  the  shape  of  a 
three-dimensional  perfect  conducting  object  and  its  scat¬ 
tered  far  field.  By  recording  this  scattered  Held  at  different 
aspect  angles  and  frequencies  by  means  of  arrays  of  coherent 
receivers  and  transmitters,  the  processed  data  can  be  inverse 
transformed  to  obtain  a  three-dimensional  image  of  the 
object.  This  result  turned  out  to  be  a  generalization  of  Bojar- 
ski’s  and  Lewis’  formulation  of  inverse  scattering  to  the 
multistatic  case.  For  stationary  objects,  the  scattered  field 
at  different  upect  angles  can  be  recorded  by  just  one  trans¬ 
mitter  and  an  array  of  receivers,  whereu  in  the  monostatic 
T/R  (transmitter/receiver)  configuration  considered  by 
Bojarski  and  Lewis,  an  array  of  monostatic  T/R’s  has  to 
be  used  to  record  the  backscattered  field  in  order  to  obtain 
the  same  amount  of  information.  In  the  cue  of  nonstationary 
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Fig.  7.  Optical  bench  configuration. 


«  -*o  (tone 


R \  Pttm  o  plane 


Rg  R't*  ig  pfcra 


Fig.  1.  Three-dimemional  object  comhtinj  of  wt  of  tighl  point  icat- 
Hrm  Rowe  in  isometric  and  Rx‘  -  jty  plane  of  rlewi  at  d,'  * 
-*«.0.s»  **•>«•  *o“  100cm. 

objects,  although  a  monostatic  T/R  can  collect  scattered  field 
at  different  aspect  angles  as  a  result  of  object  motion  or  rota¬ 
tion,  more  information  can  be  collected  in  a  shorter  time  if 
a  multietatk  geometry  consisting  of  one  (or  more)  transmitters 
and  an  array  of  recaieers  is  employed.  By  utilising  the  Fourier 
domain  projection  theorem  and  the  weighted  Fourier  domain 
projection  theorem,  it  was  shown  that  coherent  optical  sys¬ 
tems  can  be  used  to  reconstruct  images  of  separate  slices  of 
a  distant  object  establishing  thus  for  the  first  time  the  feasi¬ 
bility  of  a  tomographic  radar. 

Computer  simulations  were  performed  to  verify  the  fre¬ 
quency  swept  imaging  theory  and  the  Fourier  domain  pro¬ 
jection  theorems  for  both  continuous  extended  objects  and 


(a) 


(b) 


(c) 


Fig.  9.  Projection  holograms  and  their  optical  reconstruction  for  set 
of  point  scatterers  in  Fig.  8  at  different  Rz'  planes,  (a)  Hologram 
and  reconstructed  Image  of  scatterers  at  Rz  *  -Zq  plane,  (b)  Holo¬ 
gram  and  Image  at  Rz  *  0  plane,  (c)  Hologram  and  image  at  Rt’  « 
r0  plane.  *o  *>'0  **o  *  100  cm. 

objects  consisting  of  several  point  scatterer.  The  optically 
reconstructed  images  from  these  simulations  clearly  demon¬ 
strate  the  validity  of  the  concepts  developed  in  this  paper 
and  establish  the  feasibility  of  superresolved  three-dimen¬ 
sional  imaging  by  means  of  broad-band  cost-effective  aper* 
turn.  The  concepts  developed  are  applicable  to  all  methods 
by  which  the  multiaspect  frequency  responce  (namely, 
r(p)  in  (18))  can  be  measured  either  directly  by  frequency 
diversity  u  discussed  in  this  paper  or  indirectly  via  the  im¬ 
pulse  response  or  correlation  measurement  with  noise  illumina¬ 
tion  (II).  The  choice  of  any  of  these  approachm  will  depend 
on  the  imaging  application,  ease  of  implementation,  and 
the  ease  with  which  the  data  recorded  at  each  receiver  can  be 
corrected  for  propagation  delay  between  transmitter,  object, 
and  the  particular  receiver  as  with  the  target  derived  reference 
method  referred  to  in  this  paper. 
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ABSTRACT 

We  show  that  3-D  topographic  inverse  scattering  reconstruction  of  a 
scattering  object  is  obtainable  from  data  lying  on  a  curved  surface,  rather 
than  within  a  volume,  of  its  accessed  Fourier  space  as  would  ordinarily  be 
required. 

I .  Introduction 

It  is  known  from  inverse  scattering  theory  [l]-[4],  that  vultlaspect 
monostotic,  art  fUstati c  coherent  measurement  of  the  far  field  scattered  by  a 
plane-wsve  illuminated  conducting  or  non-disperslve  object  under  conditions 
that  satisfy  the  physical,  optics  and  Born  approximations  can  bejused  to  access 
the  3-D  Fourier  space  TCP)  of  the  object  scattering  function  y(r).  Here  r  is 
a  3-D  position  vector  in  object  space  measured  relative  to  a  common  origin  in 
the  object  or  Its  vicinity  aad_J  ■  k  Is  a  3-D  position  vector  in 

Fourier  space  or  ^-apace  with  lg  and  being  unit  vectors  in  the  directions 
of  observation  and  Incident  illumination  respectively  and  k  is  the  wavenumber 
of  Uloslaatlon.  The  scattering  function  represents  the  3-D  geometrical 
distribution  and  strengths  of  those  visible  scattering  centeAS  or  diHeAentiat 
SCatte/ling  CAOSS- sections  of  the  body  that  give  rise  to  the  measured  field. 
Correction  of  the  field  measured  in  practice  In  this  fashion  for  range-phase, 
clutter,  and  system  response  15], 16]  leads  to  accessing  TCP)  over  those  values 
of  7  employed  in  the  measurement.  We  will  designate  the  measured  data  mani¬ 
fold  by  ra(p)  and  assume  without  further  elaboration  here  that  the  values  of 
7  utilized  always  sample  the  7”*P»C*  in  a  manner  satisfying  the  Nyquist  crite¬ 
rion  to  avoid  aliasing  in  the  reconstruction.  The  size  and  shape  of  the 
accessed  Fourier  region  depends  on  geometry  and  on  the  extent_of  the  spectral 
and  an gp*1**1  apertures  utilized  l.a.,  on  the  values  k  and  (lg,li>.  It 
is  possible  then  as  shown  by  computer  simulation  in  [3]  axui_[4]  to  retrieve 
topographically  a  diffraction  and  noise.  United  version  of  the  object 

scattering  function  through  application  of  the  Paoj  ection-Stice  Th.eoA.em  de¬ 
rivable  from  the  multl-diaenslonal  Fourier  transform  [7] -[10]. 

_  The  aim  of  this  paper  la  to  show  that  high  resolution  reconstruction  of 
Y4I?)  is  possible  by  measuring  ra(p)  over  a  curved  surface  in  p- space  rather 
than  within  ajrolume  as  would  ordinarily  be  required  for  the  retrieval  of  3-D 
detail  of  Yd(r) .  Because,  for  a  given  fixed  spectral  range,  the  number  of  angu¬ 
lar  observation  points  needed  to  adequately  sample  the  ^space  over  a  volume 
Is  considerably  higher  than  the  amber  needed  to  access  the  outer  surface  of 
the  volume  or  a  portion  of  It,  a  sizable  reduction  in  the  number  of  coherent 
sensors  or  receivers  is  achieved.  In  practice  this  translates  into  a  propor¬ 
tionate  reduction  in  the  projected  cost  of  high  resolution  wavelength  diver¬ 
sity  g-t«g  apertures  and  would  for  example,  open  the  way  for  cost-effective 
implementation  of  envisioned  [11]  giant  imaging  Aadan  netsooAks. 

Ill-l 
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II.  Theoretical  Considerations 

Lat  H(p)  be  a  Fourier  sjjac*  sampling  function  describing  the  values 
essxned  by  the  vector  "p  ■  k&g-li)  during  data  acquisition.  We  can  express 
then  the  Fourier  space  data  manifold  accessed  by  measurement  as* 

r*<J)  -  re?)  hc7)  a) 

which  can  be  regarded  as  a  3~V  fowu.HA  txam£onm  hologxm  of  the  scattering 
object.  A  diffraction  and  noise  limited  version  y^Cr)  of  the  object  function 
Y(r)  can  be  obtained  by  Fourier  Inversion  of  eq.  Cl).  That  is  (within  a  con¬ 
stant  l/(2ir)3) , 


YdCr)  • 

where 


/  r(p)H(p)  e“^p*r  dp  -  y  (r)  ***h (r) 
hCr)  -  /  H(F)  e'jp*r  d? 


(2) 

(3) 


is  the  3-0  impalAH.  x esponde  or  point  &pxzad  function  of  the  system  and  the 
triple  asterisks  denote  a  3-0  convolution.  Clearly*  because  H(p)  (which  can 
be  now  identified  also  as  a  3-0  txeuu£eA  inunction  of  the  system)  is  dependent 
on  recording  geoeetry  through  p  ■  kllg-l^)*  the  impulse  response  here*  in  con¬ 
trast  to  conventional  monochromatic  imaging  systems*  is  ipatiatiy  variant.  A 
valid  question  then  is  the  identification  of  favorable  recording  geometries 
for  which  a  narrow  h(r)  is  realised  for  a  wide  range  of  object  bearlngsjutili- 
xlmg  a  mint—  maber  of  observation  and/or  illuminating  points  i.e.  *  (lg,Ti) 
values  in  order  to  keep  to  a  minimum  the  number  of  broadband  coherent  receivers 
and  transmitters  employed  In  the  recording  geometry.  To  provide  an  answer  to 
this  question  we  apply  the  projection-slice  theorem  to  eq.  (3) .  There  are  two 
forms  of  this  theorem.  One  states  that  a  projection  (central  slice)  in  Fourier 
space  and  a  central  slice  (projection)  in  object  space  are  a  Fourier  transform 
pair.  The  second  form  establishes  a  similar  relationship  between  parallel 
weighted  ptiojtc£ion&  and  parallel  slices  la  the  two  domains  13]  ,19).  In  the 
context  of  this  analysis,  the  first  version  means  that  the  2-D  Fourier  trans¬ 
form  of  the  projection  of  H(p)  on  an  arbitrarily  oriented  plane  In  p- space  is 
e  central  slice  through  h(r)  oriented  parallel  to  the  projection  plane.  This 
immediately  suggests  that  desirable  recording  geometries  are  those  for  which 
the  projection  of  their  H(p)  in  any  direction  cover  always  extended  areas 
whose  2-D  Fourier  transform  will  necessarily  be  concentrated  In  a  narrow  re¬ 
gion  indicating  an  h(r)  with  central  sllces_exhlbltlng  peak  amplitudes  of 
narrow  extent.  If  all  central  slices  of  h(r)  possess  peaks  of  narrow  extent 
Che  3-D  impulse  response  h(r)  will  consequently  be  narrow.  With  this  condi¬ 
tion  established,  we  consider  next  the  two  bistatic  recording  geometries  shown 
In  Fig.  1.  In  one  (a)  a  randomly  or  regularly  sampled  circular  recording 
aperture  of  diameter  D  la  used  to  access  a  truncated  conical  volume  in  p- space 
with  the  truncation  being  set  by  the  initial  and  final  values  of  the  range  of 
wavemnbers  k  utilised  in  the  measuraent .  In  the  second  geometry  (b) ,  a 
number  of  random  or  equally  spaced  sampling  points  or  coherent  receivers  dis¬ 
tributed  in  a  circle  of  diameter  D  are  employed  to  aceess  an  identically  shaped 
hollow  truncated  cone.  Both  geometries  assume  a  centrally  located  coherent 
transmitter  or  Illuminator  T.  The  sampling  functions  H(p)  realised  in  both 
cases  will  coincide  over  the  sidewalls  of  the  truncated  cones.  A  brief  study 
of  the  two  cases  reveals  that  the  shape  and  extent  of  the  areas  covered  by 
nearly  all  projections  of  the  solid  truncated  cone  and  the  hollow  truncated 


Fig.  1*  Geometries  for  accessing  the  Fourier  space  of  a  3-D  scatter er. 

GO  with  a  sampled  2-D  circular  aperture,  (b)  with  a  circular 
array  of  sampling  points. 

cone  are  the  same  except  for  a  few  projections  In  those  directions  forming  a 
small  solid  angle  surrounding  the  01  Line  where  the  hollow  nature  of  H(p)  In 
C&)  will  he  evidenced  by  a  missing  central  region.  This  difference  is  Illus¬ 
trated  by  the  two  projection  examples  Included  In  Fig.  1.  However,  because 
the  outer  boundaries  of  comparable  projections  of  H(p)  in  (a)  and  (b)  are  _ 
Identical*  the  associated  Fourier  transforms  representing  the  slices  of  h(r) 
for  both  geometries  are  expected  to. possess  central  peaks  of  the  same  extent. 
The  amplitude  and  shape  of  side- lobe  structure  In  the  outlying  regions  sur¬ 
rounding  the  central  peaks  will  however  differ  somewhat  because  of  the  differ¬ 
ent  number  and  distribution  of  data  points  In  the  comparable  projections.  It 
can  be  concluded  therefore  that  the  3-D  resolutions  obtained  with  data  accessed 
over  a  volume  of  p-space  and  with  data  accessed  over  the  outer  surface  of  the 
volume  are  nearly  the  same.  Verification  of  this  conclusion  Is  found  In  the 
results  of  a  inner leal  simulation  of  microwave  wavelength  diversity  imaging 
[3]  which  are  presented  in  Fig.  2.  A  semi-circular  array  of  sampling  points 
consisting  of  30  equally  spaced  receivers  distributed  over  an  arc  of  130*  as 
depicted  In  Fig.  2(a)  is  assumed.  A  3-D  test  object  consisting  of  two  ad¬ 
joining  1m  dlmaeter  conducting  spheres  arranged  as  shown  and  centered  at  a 
distance  R  directly  above  the  transmitter  T  is  chosen.  A  spectral  range  of 
(2-4)  GHz  and  a  ratio  of  R/D  -1  are  assumed  In  computing  rnCF) .  The  far  field 
scattered  by  the  two  spheres  was  computed  using  the  Hie  series  formulation  [12] 
Weighted  parallel  projectlona  In  the  direction  pz  of  the  accessed  7-jpace  data 
manifold  lying  on  a  truncated  saml-conlcal  surface  represented  by  H(p)  in  Fig. 
2(a)  were  obtained  by  multiplying  raflr)  by  the  complex  factor  cxpj(apz),  a-  0, 
-30cm,  -40an,  before  computing  the  projections.  This  yields  three  weighted 
projection  holograms  shown  to  the  left  In  Fig.  2(b)  that  correspond  from  top 
to  bottom  to  parallel  horizontal  slices  through  the  object  In  Fig.  2(a)  at 
a*  0,  -30cm  sad  -40a.  The  optically  retrieved  images  from  these  projection 
holograms  are  shown  to  the  right  In  Fig.  2(b).  These  demonstrate  clearly  the 
3-D  tomographic  imaging  capability  from  the  limited  p-space  data  accessed  by 
the  geometry  of  Fig.  2(a). 
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Abstract 

Several  sophisticated  imaging  methods  are  based  on  measurements  that  lead  to  accessing  a 
finite  volume  of  the  3-0  Fourier  domain  of  an  interrogated  object  and  subsequent  retrieval 
of  3-0  image  detail  by  3-0  Fourier  inversion.  Examples  are  found  in  invextc  tceUtcxing ,  in - 
ttgxaJL  kologxaphy,  x-xay  sad  xadio- emit t ion  imaging,  cxytteU.ogxa.phy,  and  cicctxon  micxotcopy. 
This  paper  examines  a  unified  approach  to  all  these  methods,  namely  through  reduction  of  di¬ 
mensionality  based  on  the  pxojtction-tiict  property  of  the  multidimensional  Fourier  trans¬ 
form.  We  describe  two  hybrid  (opto-digital)  computing  schemes,  one  employing  coherent  light 
and  the  other  incoherent  light,  that  can  be  used  with  these  techniques  to  reconstruct  and 
display  true  3-0  image  detail  tomographically.  Reduction  of  dimensionality  is  shown  to  pro¬ 
vide  flexibility  in  hybrid  (opto-electronie)  computing  by  permitting  trade-off  between  the 
degree  of  parallel  and  serial  processing  employed.  It  leads  to  new  architectures  capable  of 
enhanced  throughput  and  dynamic  range  and  extends  the  domain  of  optical  computing  beyond  one 
and  two  dimensional  signals. 


1.  Introduction 


Inverse  methods  involve  inferring,  information  about  the  geometrical  and  material  proper¬ 
ties  of  an  object  by  remote  probing  with  electromagnetic,  acoustic,  or  particle  beams.  Several 
inverse  methods  for  exsmple  in  optics  [1] -(8] ,  microwaves  [9]— [13] ,  crystalography  and  elec¬ 
tron  microscopy  [14],  computerised  axial  tomography  [IS],  ultrasonics  [16]  and  integral  holo¬ 
graphy  [17]  lead  to  aceesaing  a  finite  volume  in  the  3-0  Fourier  space  of  the  object  and  sub¬ 
sequent  retrieval  of  3-0  image  detail  via  3-0  Fourier  inversion.  The  required  3-0  Fourier 
transform  can  naturally  be  carried  out  digitally  by  means  of  a  3-0  fast  Fourier  transform 
algorithm.  This  approach  may  not  be  fast  enough  for  certain  applications  even  with  the  fast¬ 
est  array  processors  available  today  especially  when  one  is  dealing  with  the  large  amounts  of 
data  associated  with  complicated  objects.  This  can  prevent  real-time  image  reconstructions 
and  display.  Furthermore  the  inherent  two  dimensionality  of  present  day  computer  displays 
precludes  true  3-0  image  display  limiting  the  presentation  of  3-0  image  detail  to  perspec¬ 
tives,  individual  slices  or  cross-sectional  outlines. 

To  overcome  these  limitations  several  techniques  for  3-0  display  of  television  and  compu¬ 
ter  generated  signals  have  been  proposed  and  demonstrated  [18] -[20]. 

In  this  paper  we  consider  a  new  approach  to  true  3-0  image  reconstruction  and  display.  Two 
methods  that  employ  hybrid  (opto-digital)  computing  and  do  not  require  viewing  aids  are  de¬ 
scribed.  Both  methods  are  based  on  reducing  a  3-0  Fourier  space  manifold  into  a  series  of 
2-0  pxojtction  kologxamt  each  corresponding  to  a  different  parallel  slice  of  the  object  and 
on  using  the  optical  2-0  Fourier  transform  in  a  space-time  multiplex  scheme  to  retrieve 
rapidly  and  sequentially  images  of  the  various  slices.  The  reconstructed  slices  are  dis¬ 
played  on  an  oscillating  screen  in  the  proper  sequence  to  form  the  3-0  image  tomogxapkiceUly . 
One  method  employs  coherent  optical  computing  to  perform  the  required  2-D  Fourier  transforms 
while  a  novel  incoherent  opto-electronic  computing  scheme  based  on  spatial  domain  projections 
is  employed  in  the  other. 

The  processing  of  multi-dimensional  signals  by  reduction  of  dimensionality  via  projection 
was  first  considered  by  Radon  ( 21] .  Since  then  projection  methods  have  been  employed  in  the 
processing  of  2-0  radio-astronomical  data  by  Bracewell  [22], [24]  and  in  hybrid  (opto-digital) 
processing  of  3-0  data  by  Stroke,  Halloua,  and  co-workers  [14] , [16] , [24]  in  the  context  of 
crystallography,  electron  microscopy  and  ultrasonics  and  by  Far hat  and  Chan  [12], [13]  and  Oas 
and  Boomer  [41]  in  the  context  of  3-0  microwave  imaging  and  radar  shape  estimation. 

Comprehensive  treatments  and  applications  of  multidimensional  signals  processing  via  pro¬ 
jections  has  been  given  by  Mersareau  and  Oppenheim  [25]  in  the  context  of  digital  signal  pro¬ 
cessing  and  more  recently  by  Barrett  [26] -[28]  and  Farhat  [29]  in  the  context  of  optical  data 
processing. 


2.  The  projection-slice  theorem 


The  principle  underlying  the  two  hybrid  3-0  image  reconstruction  and  display  techniques 
discussed  in  this  paper  is  the  pxojtction-itict  thtoxtm  associated  with  the  multidimensional 
Fourier  transform  [22], [23].  Given  a  multidimensional  object  function  and  its  Fourier  trans¬ 
form  the  projection-slice  theorem  states  that  a  projection  (slice)  in  Fourier  space  and  a 
"parallel*  slice  (projection)  in  object  space  are  a  Fourier  transform  pair.  In  other  words 
projections  in  object  space  correspond,  in  the  Fourier  transform  sense,  to  "parallel!*  slices 


in  Fourier  spec*  taken  in  planes  parallel  to  the  projection  planes  and  visa  versa,  i.e., 
projections  in  Fourier  space  correspond  in  the  Fourier  transform  sense  to  "parallel*  slices 
In  object  space. 

There  are  two  fonts  of  the  projection-slice  theorem.  One  form  deals  with  mtiu.di.oneU  or 
itntKnl.  slices  and  corresponding  projections  on  planes  parallel  to  them,  while  the  second 
form  deals  with  weighted  parallel  projections  made  always  on  the  same  plane  and  correspond¬ 
ing  slices  at  different  depth  all  parallel  to  the  one  projection  plane. 

A  derivation  of  the  two  forms  of  the  projection-slice  theorem  is  given  in  Appendix  I  in 
terms  of  a  3-D  object  function  y(r)  and  its  3-D  Fourier  transform  r (p)  where  r  and  p  desig¬ 
nate  position  vectors  in  object  space  and  Fourier  space  respectively.  The  object  character¬ 
istic  function  y(r)  can  represent  the  object  attenuation  function  as  in  x-ray  imaging,  or 
surface  reflectivity  as  in  integral  holography  and  microwave  imaging  of  reflecting  objects, 
or  refractive  index  distribution  or  velocity  distribution  as  in  electromagnetic  and  acoustic 
inverse  scattering.  Thus  for  example  in  x-ray  tomography,  projections  of  the  object  func¬ 
tion  y (r)  are  obtained  by  transmission  measurements  of  absorbed  x-rays  while  in  integral 
holography  photographs  of  the  object  taken  from  different  aspect  angles  represent  the  set  of 
projections.  The  projection-slice  theorem  is  invoked  then  to  obtain  either  by  digital  or 
optical  means  central  slices  of  the  Fourier  domain  T (p)  extending  over  a  finite  region  of 
the  Fourier  space  of  the  object. 

In  inverse  scattering,  complex  (amplitude  and  phase)  measurements  involving  wave-vector 
diversity  (i.e.,  angular  and  spectral  diversity)  are  used  to  determine  T(p)  directly  over  a 
finite  volume  of  Fourier  space  [9] -[13]. 

Thus  the  measurements  performed  and  the  subsequent  data  preprocessing  in  all  of  these 
aetbods  aim  at  accessing  a  finite  volume  of  the  3-D  Fourier  apace  of  the  object  represented 
by  r (p) .  Once  T(p)  has  been  determined,  3-D  image  detail  representing  a  finite  resolution 
version  of  y (r)  can  be  retrieved  as  pointed  out  earlier  via  a  3-D  inverse  Fourier  transform. 
In  the  following  section  we  will  describe  two  hybrid  techniques  for  tomographic  image  re¬ 
construction  and  display  of  the  3-0  object  function  y (r)  in  which  the  required  3-D  inverse 
Fourier  transform  is  carried  out  optically  as  a  series  of  2-D  Fourier  transforms  of  projec¬ 
tion  holograms  employing  either  coherent  light  or  incoherent  light. 

3.  Tomographic  image  reconstruction  and  3-D  displa 

Both  coherent  and  incoherent  optical  computing  can  be  used  to  carry  out  sequentially  and 
rapidly  the  2-D  Fourier  transforms  of  a  series  of  weighted  projection  holograms  correspond¬ 
ing  to  parallel  equally  spaced  slices  or  cross-sectional  outlines  of  the  object  in  order  to 
visualize  its  3-D  image  tomographically. 

Coherent  scheme i 

One  such  scheme  employing  the  virtual  Fourier  transform  has  been  described  earlier  [30]. 
The  disadvantage  of  this  scheme  was  that  only  one  observer  at  a  time  can  view  the  displayed 
virtual  3-0  image.  To  overcome  this  limitation  the  arrangement  shown  in  Fig.  1  was  consider 
ed.  This  arrangement  makes  use  of  the  real  optical  Fourier  transform  to  project  the  re- 
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Fig.  1.  Schema  for  3-D  image  reconstruction  and  display  from  a  sequence  of  projection 
holograms,  (a)  Principle,  (b)  Pictorial  view  of  system  showing  laser  source 
to  the  right,  hologram  bearing  wheel  in  the  center  and  projection  wheel  to 
the  left.  Projection  wheel  is  25  cm  in  diameter  and  contains  24  windows  for 
mounting  the  projection  holograms. 

constructed  images  of  the  various  slices  of  the  object  rapidly  and  in  proper  sequence  on  an 
axially  oscillating  projection  surface.  The  3-0  image  reconstructed  tomographically  in  this 
fashion  can  be  viewed  simultaneously  by  several  observers  from  different  directions.  The 
arrangement  consists  of  a  convergent  laser  beam  produced  by  a  long  focal  length  lens.  The 
beam  interrogates  sequentially  and  rapidly  a  series  of  projection  holograms  mounted  as  shown 
on  a  rotating  hologram  bearing  wheel.  The  axially  oscillating  projection  surface  is  pro- 
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duced  by  rotating  a  suitably  shaped  projection  wheel.  The  realization  of  a  rapidly  oscilla¬ 
ting  projection  surface  with  this  wheel  is  based  on  the  eccentric  rotation  of  a  cylindrical 
surface.  Zf  a  cylinder  rotates  eccentrically  about  an  axis  parallel  to  but  displaced  from 
the  axis  of  the  cylinder  an  observer  will  see  the  surface  of  the  cylinder  moving  back  and 
forth  at  the  saae  rate  of  rotation.  When  a  number,  say  eight,  of  such  cylinders  or  cylindri¬ 
cal  segments  of  the  same  radius  are  arranged  together  as  shown  in  the  projection  wheel  of 
rig.  1(a)  with  their  centers  spaced  evenly  on  the  circumference  of  a  circle  centered  on  the 
axis  of  rotation,  the  same  oscillating  surface  effect  is  observed  but  at  eight  times  the  ro-~~ 
tation  rate  [31].  This  permits  the  achievement  of  higher  rates  of  projection  surface  dis- 
pl sc ament  using  reasonable  rotation  speeds  that  ean  be  furnished  by  ordinary  stepper  motors. 

A  pictorial  view  of  the  projection  wheel  used  is  shown  in  Fig.  2.  Both  the  hologram  bearing 
wheel  and  the  projection  wheel  are  driven  by  computer  controlled  stepper  motors  to  maintain 
synchronization.  Examples  of  the  true  3-D  image  reconstruction  and  display  achievable  with 
this  arrangement  are  shown  in  Fig.  3.  Photographs  of  two  views  of  the  displayed  3-D  image 


Fig.  2.  Pictorial  view  of  projection  wheel  Fig.  3.  Two  views  (a)  and  (b)  of  the  tomo- 
ueed  to  realize  an  axially  oscilla-  graphically  reconstructed  3-D  image 

ting  projection  screen.  A  volumetric  of  an  eight  point  test  object  and 

display  region  of  1.8  cm  x  1.8  cm  x  identical  corresponding  views  (c) 

1.8  cm  is  provided.  and  (d)  of  a  model  of  the  test  object. 

taken  from  two  different  aspect  angles  are  shown  in  (a)  and  (b) .  The  projection  holograms 
used  in  the  experiment  were  those  of  the  eight  point  scatterer  test  object  used  in  our 
earlier  work  [30].  Two  identical  views  of  a  model  of  the  test  object  are  shown  in  (c)  and 
(d)  of  Fig.  3  for  comparison. 

Incoherent  scheme  i 

The  second  optical  3-D  image  reconstruction  and  display  scheme  studied  is  based  on  per¬ 
forming  the  required  2-D  Fourier  transforms  directly  on  weighted  projection  holograms  dis¬ 
played  in  spatially  incoherent  light.  This  approach  enables  direct  2-D  Fourier  transforma¬ 
tion  of  the  CST  computer  displays  of  weightsd  projection  holograms  corresponding  to  the 
different  slices  of  the  object.  Being  opto-electronic  in  nature  the  scheme  permits  display¬ 
ing  the  image  slices  obtained  by  Fourier  inversion  in  rapid  succession  on  a  second  CRT  dis¬ 
play.  A  3-D  tomographic  display  of  the  displayed  image  slices  can  be  realized  employing  a 
projection  lens  and  the  oscillating  projection  screen  idea  used  in  the  preceeding  scheme. 

Several  methods  for  incoherent  2-D  Fourier  transformation  appear  in  the  literature.  These 
include  shadow  casting  techniques  using  a  two  Fresnel  zone  masks  as  a  Fourier  analyzer  [32], 
[33],  achronatl ration  [34],  and  opto-electronic  methods  utilizing  optical  multiplication  by 
sine  and  cosine  masks  followed  by  electronic  detection  of  the  spatially  integrated  products 
[3S]-(37].  A  major  advantage  of  these  techniques  is  their  freedom  from  speckle  noise  which 
is  a  known  limitation  of  coherent  optical  processing.  There  are  disadvantages  however. 

Major  asnng  them  is  the  complexity  of  carrying  out  complex  operations  and  the  low  Fourier 
plane  contrast  in  the  Fresnel  zone  shadow  casting  scheme.  There  is  also  the  'dynamic  bias" 
problem  identified  in  [38]  and  [39].  To  handle  complex  data  and  increase  throughput  the 
use  of  color  multiplexing  or  wavelength  diversity  in  opto-electronic  schemes  has  been  con¬ 
sidered  [40] . 

The  opto-electronic  scheme  described  below  combines  opatiat  domain  pno  jtetiom  and  wavc- 
Itngtk  o a  colon  divvuity  to  perform  Fourier  transform  operations  on  2-D  complex  functions 
representing  for  example  projection  hologram  data  displayed  on  a  color  CRT  monitor.  In 
addition  the  scheme  has  the  advantage  of  overcoming  the  dynamic  bias  problem.  It  differs 
from  ell  other  previously  studied  schemes  in  its  novel  use  of  the  opatial  domain  pnoj action 
theorem  in  a  two  color  wavelength  diversity  scheme  and  in  its  potential  to  execute  2-0  dis¬ 
crete  Fourier  transforms  of  large  data  formats  approaching  1000  X  1000  pixels  at  high 


HD-R135  253  HIGH  RESOLUTION  FREQUENCV  SWEPT  IMRGING(U)  MOORE  SCHOOL  2/2 
OF  ELECTRICAL  ENGINEERING  PHILADELPHIA  PR  N  H  FRRHRT 
30  SEP  83  RRO-16828.  6-EL  DRAG29-88-K-0024 


UNCLASSIFIED 


F/G  9/4 


NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS- 1963-A 


£J 


sri 


% 

1 


M 


388-19 


ipaadi.  taetbu  important  practical  advantage  la  tha  compatibility  with  a  color  CRT  aa  the 
Input  davlea  with  Its  high  brlghtnaaa  and  praolaa  color  pixel  loeatloas. 

The  Spatial  Remain  Fto/cetloa  Tfccoaes  (aaa  Appendix  X)  was  first  Introduced  In  radio 
astronomy  by  bracawall  [22].  Its  use  la  tha  present  s  eh  see  Is  discussed  next. 


astronomy  by  hr seawall  [22].  Its  use  In  the  present  seheee  Is  discussed  next. 

Consider  a  done lex  spatial  function  f(x,y)  with  its  2-0  Fourier  transform  F  (&*,««),  w* 
and  wy  being jspatlal  frequency  variables.  Thus, 

f  fx,y)  **  F(«x,wy)  '  '  U) 

designate,  a  Fourier  transform  pair,  where, 

J (ex  ♦  wjr) 

f(x,y)  •  /  /  F(wJ|,wy)e  *  •  dt*xdMy  (2) 

and  *  5 

.  —J  (w  X  ♦  M  V) 

F(es,ey)  •  — ^  f  (x,y)e  *  *  dxdy  (3) 

The  spatial  projection  of  f <x,y)  on  the  x-axia  is  defined  as 

fp(x)  $  /  f  (x,y)  dy  (4) 

or  by  using  (2), 

j  (e  x  ♦  wjf) 

fp(x»  -  £  F(wx,ey)  a  x  r  dexdey)  dy  (S) 

Carrying  out  the  Integration  with  respect  to  y  first  we  obtain 

fp(x)  -  J  J  F(ex,wy)  a1"**  4<ey>  di»x  dwy  «) 

or  by  the  "sifting"  property  of  the  4  function, 

fp<x)  -  J  F(wx,o)  a3"**  dwx  (7) 

i.e. ,  la  abbreviated  fora, 

fp(x)  **  F(wx,0)  (») 

This  final  result,  known  as  the  ap tuLLaJL  dom eas  pAojteXion  tktoitm,  states  that  the  spatial 
projection  fp(x)  of  f(x,y)  and  a  central  sllee  of  its  2-0  Fourier  transform  along  a  central 
line  wy  •  0  are  Fourier  trass forn  pairs.  This  suggests  that  tha  transform  F(ux»<*y)  can  be 
obtained  by  a  repeated  application  of  tbe  following  three  step  process:  (1)  Rotate  the  ob¬ 


ject  function  f(x,y)  In  the  x-y  plane,  by  aa  angle  oA8 (n-1,2. . . .K)  relative  to  the  x  axis 
where  ..  HO"  (2)  form  tha  projection  on  tha  x  axis,  and  (3)  one  dismnsional  Fourier 

*  1  *  transform  tha  projection  to  obtain  the  value  of  F(wx,«y)  along  a  central 

line  passing  through  the  origin  of  the  wywy  plane  and  asking  an  angle  ale  with  tbe  a*  axis, 
•y  repeating  the  process  for  all  the  values  of  0*1,2  ...  H  ■  180VA8  one  can  construct  tha 
transform  F (**,«»)  on  a  spoked  fbrmat  of  radial  Unas  of  angular  spacing  18.  Obviously  this 
throe  step  procedure  can  be  Isplanantsrt  entirely  digitally  to  provide  a  new  discrete  Fourier 
transform  algorithm.  Alternately  the  one  dimensional  Fourier  transform  required  In  the 
third  step  cam  be  carried  out  with  aa  analog  CCS  or  CAN  device  [42] .  Hera  aa  arrangement  for 
perfeemiag  the  three  step  procedure  opto-electronloally  is  presented. 

The  arrangement  Is  sketched  In  Fig.  4.  Tbe  complex  function  f(x,y)  Is  displayed  on  a 
color  CKt  or  TV  screen.  Two  of  the  three  available  primary  colors,  (rad,  blue  and  green) 
are  assigned  to  tbe  real  part  fr (x,y)  and  the  imaginary  part  ft(x,y)  of  f(x,y)  with  the 
third  color  left  unused  or  possibly  reserved  for  use  in  an  error  correction  scheme  for  en¬ 
hancing  the  accuracy  of  tbe  processor.  The  color  display  is  imaged  on  the  input  face  of  an 
Idealised  tapered  coherent  fiber  bundle  C.F.C.  1  which  performs  the  required  projection  op¬ 
eration  by  Integrating  or  fusing  tha  image  in  tbe  vertical  direction  into  a  line  image  while 
rassrrlng  detail  bsrlsontally  furnishing  thus  tha  projection  f  (x)  at  its  sharp  edge.  Tha 
gcnplen  nature  of  fp(x)  Is  preserved  in  a  two  color  display  at'this  end.  Image  rotation  is 
achieved  by  rotating  the  dove  prism  la  tha  projection  and  image  rotating  segment  which  mere¬ 
ly  acts  as  a  rotating  image  coupler.  The  C.F.t.  2  and  C.F.R.  3  spread  fp(x)  vertically  in 
the  y  direction  while  preserving  detail  in  the  horisontal  x  direction.  Rota  that  this  does 


green,  Mm  tent  Hit  be  added  fee  beadle  negative  valuee.  Therefore  in  practice  equation 
(10)  aee«HM  the  tot*, 

*<*„,«>  -  /lib*  *  «pr(x)  J  «*  j  [b’  ♦  fp*(x)lHl  ♦  coeexx)  dx 

♦  /{j(br  ♦  fpr(x)J  -  (b*  ♦  fp® (x)  J}  (1  ♦  einexx)  dx  (1 

♦  /{bs  (1+  coeexx)  -  b*  (1  ♦  ein«xx)l  dx  ♦  j/[b*(l  ♦  eoeexx) 

♦  br  (1  ♦  ain«xx)J  dx  ♦  /{fpr(x)  -  fp’(x)Jdx  ♦  J/(fpr(x)  ♦  fp’(x)J  dx 

♦  /t«pr(x)  ♦  j  fp*<x)]  coe«xx  dx  ♦  /(jfpr(x)  -  fp*(x)J  eln*xx  dx  (1 


«*  wm  bj  nu  ns  ub  ;inn  unanuun  mpicuviiy.  in  •<] .  mj  uw 

first  ud  second  integrals  represent  constant  d.c.  bias  tsrss  appearing  in  tba  output  o t  tha 
processor.  This  d.c.  bias  which  has  ths  effect  of  reducing  contrast  can  eventually  be  re¬ 
sowed  by  electronic  filtering.  Ths  third  and  fourth  integrals  represent  a  signal  dependent 
dynes lie  hie*  tore.  The  fifth  and  sixth  integrals  are  those  of  eq.  (10)  which  represent  the 
desired  Fourier  transfora  output.  While  electronic  filtering  of  the  d.c.  bias  term  is  a 
straight  forward  matter,  it  is  not  easy  to  renove  the  dynaaic  bias  tars  because  of  its  sig¬ 
nal  dependent  nature.  The  presence  of  this  tern  is  undesirable  since  it  behaves  as  noise 
signal  that  Units  tha  dynaaic  range  of  the  processor.  A  aethod  for  eliainating  this  bias 
texa  will  be  described  below.  The  location  of  tha  two  transparencies  or  masks  together  with 
the  direction  of  the  x  and  w*  axis  are  shown  in  Fig.  4.  Note  that  because  of  their  neutral 
density  (black  and  whits)  nature  the  screens  will  spatially  aodulate  the  two  colors  of  tp(x) 
equally.  That  is  tha  real  and  iaaginary  parts  of  fp(x)  are  each  aultiplied  by  tha  required 
cosine  and  sine  kernels  in  accordance  to  eq.  (10).  Tha  function  of  the  idealized  C.F.B.  4 
and  5  is  to  perform  tba  required  integration  in  tha  x  direction  called  for  in  eq.  (10)  after 
tba  sultipli cations  in  ths  intsgrand.  Ths  output  data  at  ths  sharp  vertical  edge  of  C.F.B. 

4  will  therefore  consist  of  two  colors  with  the  data  in  tha  two  colors  corresponding  to  the 
real  and  iaaginary  parts  of  the  cosine  transform  of  fp (x) .  Similarly  the  vertical  distribu¬ 
tion  of  the  two  colors  appearing  at  the  sharp  edge  or  C.F.B.  S  will  correspond  to  the  real 
and  imaginary  parts  of  tba  sins  transform  of  fp (x) .  Suitable  color  selective  detection  of 
tha  outputs  of  C.F.B.  4  and  C.F.B.  S  for  example  with  a  color  T.V.  camera  or  by  imaging  the 
outputs  on  4  self-scanned  line  detector  arrays  through  a  dispersive  prism  would  yield  four 
electronic  signals  representing  the  terms  in  eq.  (11).  These  can  be  combined  appropriately 
to  obtain  separately  tba  real  part  and  tha  imaginary  of  F(wx,o)  and  the  process  repeated  as 
the  image  is  rotated  in  steps.  A  high  precision  absolute  angle  encoder  coupled  to  tha  ro¬ 
tating  prism  is  used  to  provide  signals  that  can  be  employed  in  displaying  the  transform 
line  at  the  correct  angle  nAS  relative  to  the  m*  axis  on  a  CRT  display  providing  thus 
F(<i>x,uy)  in  successive  central  slices.  Because  of  the  high  brightness  of  present  day  color 
displays,  the  flexibility  of  digital  video  processors  that  can  be  used  to  address  them,  the 
minimization  of  diffraction  effects  that  give  rise  to  cross-talk  through  the  use  of  fiber 
optics  tscbnology  and  the  high  bandwidth  of  self-scanned  detector  arrays  and  their  time 
integrating  features  we  expect  this  2-0  optical  O.F.TT  approach  to  yield  high  throughputs. Rjt 
example  a  conventional  color  CRT  such  as  the  RCA  R8511  provides  80(T  x  100  color  pixels. 

This  means  that  at  ths  customary  frame  rate  of  30/sec  we  can  introduce  800  x  800  x  30  • 

1.92  107  complex  data  pointa/sac  in  tha  processor.  The  actual  time  required  to  perform  a 
2-0  complex  D.F.T.  an  the  800  x  800  complex  data  points  would  be  determined  by  the  rotation 
rate  of  the  image  which  equals  twice  the  rotation  rata  of  the  dove  prism  (a  well  known  pro¬ 
perty  of  the  dove  prism) . 

Several  image  rotating  techniques  can  be  used.  These  includes  digital,  electron-optical, 
and  opto -mechanical .  Although  digital  and  electron-optical  schemes  are  inertialesss  and 
therefore  can  offer  high  image  rotation  rates,  a  somewhat  slower  opto-nechanieal  scheme  was 
found  adequate  for  ths  present  study  and  was  therefore  adopted  because  of  its  simplicity 
and  much  lower  cost.  The  srrhams  is  based  on  the  well  known  image  rotating  property  of  the 
dove  prism.  A  dove  prism  image  rotator  was  therefore  designed  and  constructed.  Two  pic¬ 
torial  views  of  the  completed  dove  prism  image  rotator  are  shown  in  Fig.  5.  In  this  design 


Fig.  S.  Two  pictorial  views  of  dove  prism  image  rotator  and  stepper  motor  drive. 

the  dove  prism  (a  Rolyn  medal  4S.030  of  dimensions  30»mx30xxal30mm)  is  mounted  within  the 
inner  cylinder  of  a  high  precision  ball  bearing.  The  center  cylinder  of  the  bearing  is  ro¬ 
tated  with  respect  to  the  outer  part  which  is  held  stationary.  Rotation  was  achieved  with 
the  aid  of  precision  111  belt  drive  powered  by  a  computer  controlled  stepper  motor  capable 
of  performing  up  to  20,000  half  steps  of  .9*  each  per  second.  Means  are  furnished  for 
centering  and  axial  alignment  of  tha  dove  prism  within  the  inner  cylinder  of  the  ball  bear¬ 
ing  with  tha  aid  of  adjustable  screws.  An  example  of  the  image  rotating  capability  of  the 
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rotator  is  shorn  la  ths  top  part  of  Fip.  7.  Thraa  rotatad  images  of  a  test,  object 
shown  in  rip.  6,  are  presented.  These  correspond  to  dove  prism  rotation  anples  of  0*,  45* 
and  90*  respectively  (recall  that  a  dove  prism  rotation  of  0*  results  in  an  image  rotation 
of  20*).  - - - 


•< 


-f  4" 


rip.  0.  Test  object 


rip.  7. 


Three  rotated  imapes  of  test  object 
(top)  and  their  vertically  smeared 
versions  (bottom) . 


Vertical  image  integration  and  spreading  were  to  be  carried  out  as  originally  proposed 
in  rip.  4  with  the  aid  of  tapered  coherent  fiber  bundles  CTB1,  CTB2  and  CTB3.  It  is  clear 
that  specialised  and  costly  techniques  are  required  in  the  manufacture  of  such  idealised 
coherent  fiber  bundles  with  the  required  property.  In  practice  a  simple  anamorphic  optical 
system  shown  in  rig.  8,  can  be  used  to  perform  the  function  of  the  coherent  fiber  bundles 
CTB  1,2  and  3.  The  arrangement  shown  in  rip.  8  makes  use  of  a  single  cylindrical  lens  to 
vertically  smear  the  image  i  of  any  object  scene  0.  This  smearing  operation  replaces  the 
required  vertical  integration  (spatial  projection)  and  vertical  spreading  operations  at  the 
Obviously  this  approach  is  more  realistic  and  much  lass  costly  than  the  one 
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rig.  8.  Anamorphic  optical  system  for  rig.  9.  Detail  of  transmission  pattern  on 

vertical  image  smearing.  sine/cosine  screen  capable  of  elimi¬ 

nating  dynamic  bias  problem. 

calling  for  coherent  fiber  bundles  and  is  therefore  more  attractive.  In  the  schema  shorn, 
spherical  lens  Lx  images  the  object  scene  0  onto  the  image  plane  with  a  magnification 
m  »  Sj/Sx  •  h'/h.  The  object  scene  0  in  rig.  8  represents  the  rotated  image  furnished  by 
the  dove  prism  image  rotator  and  its  imaging  optics  (see  rig.  4).  The  cylindrical  lens  L2 
is  added  to  sawar  the  image  vertically.  The  height  h’  of  the  vertically  smeared  image  de¬ 
pends  on  the  values  of  Si,  $2,  83  and  the  focal  lengths  ri  and  P2  and  on  the  height  h  of 
the  original  scene.  The  lower  part  of  rig.  7  is  a  pictorial  record  of  the  vertically 
smeared  versions  of  the  three  rotated  images  shown  in  the  upper  part  of  the  figure.  These 
were  obtained  with  the  arrangement  of  rig.  8  with  the  following  parameter  values:  Si  -  40 
cm,  82  •  14.5  cm,  S3  •  5  cm,  Ti  -  10.5  cm,  r2  ■  4.1  cm,  and  h  -  5.5  cm.  Excellent  unifor¬ 
mity  of  the  smeared  image  in  the  vertical  direction  is  achieved.  In  the  scheme  of  rig.  4  a 
vertically  smeared  image  similar  to  those  shown  in  rig.  7  would  be  projected  onto  the  sine/ 
cosine  mask  to  perform  the  multiplication  required  in  the  integrands  of  eq.  (10).  In  this 
fashion  the  vertical  projection  (integration)  and  spreading  of  the  image  rotated  by  the 
dove  prism  in  rig.  4  are  accomplished  simultaneously  by  the  anamorphic  optical  system  of 
rig.  8  resulting  in  great  simplification  of  the  input  portion  of  rig.  4. 
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asnsretlon  of  the  required  <1m  and  cosine  auki  woo  achieved  with  tho  aid  of  a  DEC 
Modular  Xaatrumentatioa  Computer  (MZMC)  11/2  and  a  high  resolution  Tektronix  nodal  60 (A  CUT 
display.  A  novel  schaoa  was  employed  in  the  generation  of  the  sine  and  cosine  nask  patterns 
which  he*  the  significant  potential  for  eliminating  the  dynamic  bio*  paobtam  known  to  be  a 
lint  tiny  factor  in  the  operation  of  incoherent  Fourier  transform  schemes  [311 ,[391.  This 
approach  to  elimination  of  the  dynamic  bias  problem  takes  advantage  of  the  vertical  uni¬ 
formity  of  the  ■seared  imago  projected  on  the  sine/cosine  mask  to  synthesise  the  equivalent 
of  a-  negative  transmittance  with  incoherent  light.  The  scheme  is  op to -electronic  in  nature 
since  it  involves  differential  readout  of  the  linear  photodetector  output  shown  in  rig.  4 
in  order  to  synthesise  the  negative  trananittance.  The  dynamic  bio*  paobltm  stems  directly 
from  the  fact  that,  aside  from  its  spectral  content,  incoherent  light  can  be  represented  by 
its  intensity  only  which  is  positive  real.  Similarly  the  trananittance  of  any  photographic 
transparency  (each  as  the  sina/eoaiaa  masks  in  our  scheme)  in  incoherent  light  is  also 
positive  real,  therefore  to  represent  a  bipolar  function  that  eat  assume  negative  values 
bias  tarns  must  be  added  as  discussed  earlier.  The  addition  of  these  bias  tens  in  the 
treatment  above  has  been  shown  (see  eq.  (12))  to  lead  in  the  transform  T (ux.O)  to  a  d.e 
ten.  which  can  easily  be  filtered  out  in  an  electronic  readout  scheme,  plus  an  undesirable 
signal  dependent,  dynamic  bias  ten,  which  can  not  be  excluded  from  the  output  without  re¬ 
sort  to  complicated  adaptive  filtering.  The  presence  of  this  undesirable  signal  dependent 
tan  eaa  be  considered  as  noise  and  will  thenfore  limit  the  dynamic  range  of  any  incoher¬ 
ent  optical  processor.  Xt's  elimination  would  increase  dynamic  range  and  enhance  perfor¬ 
mance.  Our  method  for  the  elimination  of  the  dynamic  bias  tan  is  represented  in  Fig.  9 
which  shows  the  cosinusoidal  trananittance  of  a  portion  of  the  sine  or  cosine  masks  at  two 
adjacent  frequencies  w*n  and  w,  ...  The  black  areas  represent  opaque  portions.  As  the  ver¬ 
tically  smeared  version  of  the  rotated  image  in  Fig.  t  is  caused  to  impinge  on  such  a 
screen  the  trananittance  at  each  value  of  x  will  be  proportional  to  the  height  of  the  co¬ 
sinusoidal  aperture  at  that  value  of  x.  By  focusing  the  light  emerging  from  the  positive 
half  cycles  and  the  negative  half  cycles  of  each  spatial  frequency  »*_  (as  depicted  sym¬ 
bolically  in  Fig.  9  by  the  dashed  lines)  on  adjacent  photosites  of  the  self  scanned  linear 
detector  array  (or  arrays)  reeding  the  output  F (u_  -)  of  the  processor  and  subtracting  the 
output  of  the  detectors  at  these  sites  we  essentially  make  the  transmittanees  of  the  upper 
and  lower  half  cycles  of  osch  spatial  frequency  of  opposite  sign  realizing  thereby  a  bi¬ 
polar  tranenittanee  in  Incoherent  light  opto-eleetronically.  Zt  is  indeed  fortunate  that 
many  linear  self  scanned  detector  arrays  marketed  today  (e.g.  Betieon's  and  Fairchild's) 
lead  themselves  for  use  in  this  schema  because  normally  the  even  numbered  photosites  are 
read-out  with  one  shift  register  while  the  odd  numbered  photosites  by  another.  By  substrae- 
ting  the  outputs  of  the  two  shift  registers,  instead  of  adding  them  as  done  in  normal  use, 
the  above  output  readout  scheme  can  be  realised  immediately. 

Figure  10  is  as  example  of  a  sine/cosine  mask  that  makes  use  of  the  above  encoding  con¬ 
cept.  This  particular  mask  was  produced  on  our  high  resolution  computer  display  for  use 
with  a  250  element  detector  array.  The  sine  and  cosine  portions  of  the  mask  each  contain 
spatial  frequencies  extending  from  -34  to  +34.  Bach  frequency  requires  the  use  of  two 
detector  photosites  for  dynamic  bias  suppression. 


Fig.  10.  Computer  generated  sine/  Fig.  11.  Pictorial  view  of  incoherent 

oesiae  mask.  fourier  transformer.  From  lefti 

object  scene,  dove  prism  image  ro¬ 
tator,  imaging  lens,  cylindrical 
lens  for  vertical  image  smearing 
and  sine/eosine  screen,  followed 
by  output  part  consisting  of  ana- 
no  rp  hie  spherical/cylindrical 
leas  system. 

The  preeeeding  discussion  suggests  a  modified  version  of  the  scheme  of  Fig.  4  for  imple¬ 
menting  the  spatially  incoherent  Fourier  transform.  This  modified  version  is  shown  in 
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13  “f  ***•  Pictogi*1  Ti*w  ot  ri9*  11.  The  output  portion  of  tha  modified  arrange- 
mant  ccfPri—dof_  components  downstream  from  tha  sina/cosina  mask,  makes  use  of  a  second 
•namorphie  optical  system  consisting  of  a  spherical  Ians  13/cyUndrical  Ians  La  combination, 
f88*— 1 *  °*  eoharmnt  fiber  plugs  CTB4  and  CFBS  in  tha  original  configuration  of  Pig.  4, 

to  horizontally  integrate  light  emerging  from  the  positive  and  negative  half  cycles  of  each 
•P*“*l  frequency  component  in  the  masks  onto  pairs  of  adjacent  photositas  in  the  output 
self  scanning  detector  arrays  Oq  and  D*.  The  dispersive  prism  (or  alternatively  a  dichroic 
beam  splitter)  is  used  to  separate  the  two  colors  (red  and  green)  onto  tha  self  scanning 
detector  arrays.  In  this  anamorphic  output  segment  of  tha  processor,  spherical  lens  L3 
the  output  of  the  sine/cosine  mask  on  the  plana  of  the  output  detectors  while  the 
***  cylindrical  lens  power  in  tha  horizontal  direction  only  focuses  the  image 
detail  horizontally  over  a  width  equal  to  the  width  of  the  detector.  Selection  of  lenses 
“1**  “J  various  spacing  between  components  can  ba  made  by  rafarring  to  tha  ana- 


morphic  system  representation  of  Pig.  13.  Pigure  13  also  suggests  that  detector  arrays  with 
***  largest  available  width  w*  are  deeirable  since  a  large  w*  relaxes  both  tha  focusing  re- 
qnlrsmsnt  from  tha  horizontally  integrating  lens  and  tha  horizontal  demagnification  of  the 
system.  The  widest  commercially  available  w'  is  that  of  Rati con  s-series  (Spectroscopic) 
self  scanning  detectors  with  w'«2.Saa.  This  family  of  detectors  also  has  separate  odd/even 
shift  register  output  capability  permitting  dynamic  bias  elimination  and  have  a  wide  band¬ 
width  and  dynamic  range  which  makes  them  ideal  for  this  application. 


3th  the  focusing  re* 
tgnification  of  the 


Pig.  12.  Incoherent  fourier  transform  scheme  em¬ 
ploying  spatial  domain  projections  and 
color  diversity  to  perform  complex 
transforms. 


Pig.  13.  Anamorphic  optical  system 
for  use  in  the  output 
part  of  Pig.  12. 


4.  Plscuaslon  and  conclusions 

Optical  computing  is  inherently  suited  for  processing  of  one  dimensional  or  two  dimen¬ 
sional  signals.  Optical  processing  of  multi-dimensional  signals  becomss  possible  through 
tha  application  of  projection  theorems.  This  paper  demonstrates  the  utility  of  the  pro¬ 
jection-slice  theorem  stemming  from  the  multi-dimensional  Pouriar  transform  in  optical 
coaputiag  particularly  in  3-0  tomographic  image  reconstruction  and  display. 

Two  hybrid  (opto-dlgltal)  processing  schemas  for  true  3-0  image  reconstruction  and  dis¬ 
play  were  described,  loth  schemes  employ  space-time  multiplexing  to  display  3-0  imagee 
tomographically  in  parallel  slices.  The  space-time  multiplex  feature  also  allows  consider¬ 
able  relaxation  of  the  resolution  capability  of  the  recording  device  (photographic  film  for 
instance)  used  to  store  the  projection  hologram  as  compared  to  conventional  holographic  3-D 
imaging. 

In  the  one  scheme  employing  coherent  optical  processing,  a  3-0  volumetric  display,  few 
centimeters  cube  in  site,  is  demonstrated.  Onaided  viewing  of  tha  3-0  image  is  possible 
by  several  observers  simultaneously.  The  fidelity  of  the  retrieved  3-0  image  is  found  to 
be  quite  good  despite  the  slight  curvature  of  tha  oscillating  projection  surface.  It  is 
worth  noting  that  the  disc  film  format  of  tha  newly  introduced  Kodak  Disc  4000  camera  with 
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ita  IS  circularly  distributed  exposure  cits*  la  perfectly  suited  for  use  as  the  hologram 
beariag  ideal  in  this  scheme.  Replacement  of  the  photographic  storage  used  in  this  scheme 
by  •  tact  recyclable  epatial  light  aodulator  (8LK)  would  allow  its  use  with  a  computer  dia- 
play  of  projection  holograms  directly  to  realise  overall  real-ties  operation. 

the  second  sehane  employing  incoherent  light  has  the  advantage  of  being  able  to  accept  a 
•dldc  CStor  computer  graphic  video  display  as  the  input  forest  directly,  it  performs  the 
tnviucd  2-0  Courier  transfore  of  a  projection  hologram  displayed  by  the  eouputer  as  a 
senaa  of  see  dimensional  incoherent  opto-eleetronie  Fourier  transforms  through  the  use  of 
s  spatial  doeala  projection  tbeeree.  The  schses  can  handle  coeplex  data  by  color  coding. 

Zb  oaa  suppress  the  dynamic  bias  problee  and  has  the  potential  for  high  throughput.  For 
euaeple  the  use  of  four  self  scanning  detector  arrays  of  1024  aleeants  each  at  SMBs  clock 
i*  Doham a  would  permit  carrying  out  a  eoaplete  2-0  complex  Fourier  transform  of 

100  radial  linos  each  containing  012  frequency  points  ia  about  10  nsec.  This  indicates  a 
throughput  of  0.12  104  operations  per  msec  which  is  about  two  order  of  magnitudes  faster 
than  a  digital  array  processor.  The  required  dove  prise  rotation  rate  then  is  sooo  rpm. 
the  rotation  period  of  the  prise  and  the  persistence  of  the  color  CM  display  must  however 
be  matched. 


tradeoff  between  serial  sad  parallel  processing  in  the  schses  of  Fig.  12  is  possible, 
this  can  be  achieved  by  using  M  processors  of  the  type  shown  in  Fig.  12  to  view  the  CM 
display  (or  object  scene)  la  parallel  simultaneously  with  each  processor  handling  a  differ¬ 
ent  set  of  the  ISO* /A#  redial  lines  of  the  fourier  transform  Ftwx.wy).  This  would  have  the 
advantage  of  reducing  the  processing  ties  by  a  factor  M. 

TO  data  characterisation  of  the  various  parts  of  the  sehane  such  as  the  ieaga  rotation 
subsystem,  the  integration  and  image  spreading  subsystem,  and  the  sine/cosine  masks  has  been 
completed,  evaluation  of  the  output  segment  is  underway.  Overall  performance  evaluation  is 
expected  ia  the  near  future. 
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Appendix  1 

The  prolection-slice  theorem 

Let  y(r)  and  T(p)  be  a  Fourier  transform  pair  representing  a  3-D  object  function  and  its 
3-0  Fourier  transform  respectively,  i.a., 

r  (p>  ■  £  y(r)  e"^p*r  dr  (A-l) 

where  v  defines  the  object  extent  and 

Y(r)  ■  — ,  /  r(p)  e^P’r  dp  (A-2) 

(2*) 3 

where  working  in  cartesian  coordinates  r  ■  x  Ix  +  y  ly  +  z  and  p  “  Px  +  Py  +  Pz  ^z 
are  position  vectors  in  object  space  and  Fourier  space  respectively  with  dr  and  dp  being 
differential  elements  in  r-spaee  and  p- space. 

The  projection  of  T(p)  on  a  given  plane,  for  example  the  Px  -  Py  plane,  is 

rproj.  ‘W  *  p,  r‘Px'*,y'*‘z')  ^z  (A’3) 

Substituting  (A-l)  in  (A-3),  we  obtain 

-j(P-*  ♦  PvF  ♦  P.*> 

rproj.  ip*,9y}  ■  fff  Y  *  r  *  dpf)  dx  dy  dz  (A-4) 

-jpz* 

IS  the  extent  of  r (p)  is  sufficiently  large  the  integration  of  the  exponential  e  with 

respect  to  pz  yields  approximately  a  delta  function  6(z)  leading  to, 

fff  -j<P-X  ♦  Py** 

Tproj*  (px'V  *  xys  Y<«,y,*)6(s)  •  ^  dx  dy  dz 

It  “I (PXX  "  9J3) 

■  y(x,y)  e  *  ”  dx  dy.  (A-5) 

where  y(x,y)  is  a  central  slice  through  the  object  y(r)  parallel  to  the  p  -  p  plane. 

It  follows  from  eg.  (A-S)  by  the  inverse  transform  that 


Y(*#y) 


Px  Py 


J  CPX*  ♦  PyY) 

rproj.  (Px'PyJ  •  dpxdPj 


which  is  one  fora  of  the  required  theorws.  Accordingly,  the  projection  of  the  3-D  transform 
data  on  a  given  plane  is  the  Fourier  transform  of  a  central  or  meridional  slice  through  the 
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object  ocintad  parallel  to  tho  particular  projection  piano. 

Fourier  ttiMfoni  relationships  between  parailol  projection*  and  parallel  slice*  can  be 
QfctiimJ  bp  invoking  the  concept  of  mtlgkttd  pA.ojteXJ.on.  For  exaaple  let  r*  .  (Px<Py) 
be  tbe  weighted  projection  of  T(^)  defined  an, 

<px#V  "  p_  r<pn'By'**)  •i*P*  dP«  *  fA- 


where  tit  a  real  weighting  par  awe  ter.  Substituting  for  r  fron  eq.  (A-4)  yields. 

-  t  j«P-  ,  ,  ,  “1  (P-*  ♦  PyF  ♦  P,*) 

rjtoj.  <P,*Py)  m  pz*  X  y  S  r<*'*,*)  •  *  T  d*  dy  dx  dpt  (A-8 

Carrying  out  the  integration  with  respect  to  ps  first  while  assuaing  the  extent  of  r (p) 
in  the  ps  direction  is  sufficiently  large,  the  integral  with  respect  to  p*  nay  be  approxi- 
aated  by  4 (s-o) .  aquation  (A-«)  can  than  be  reduced  to, 

-l <p«*  +  p«y) 

rproj.  (px,py)  “  /  /  0(x,y,*  -  a)e  *  “  dx  dy  (A-9 

which  says  that  r®__ .  (Px>Py)  and  y(x,y,s  *  a)  are  two  diawaaional  Fourier  transform  pairs 
the  weighted  9  1 '  Fourier  dewain  projection  thaoran  follows  frost  the  inverse  transform 


1  /  /  a  ♦  9J3) 

■  •>  rSroj.  <W  r  •*,  % 


(A-10 


Accordingly  parallel  slices  of  the  object  can  be  reconstructed  frost  the  weighted  projec¬ 
tion  (px,py)  computed  for  different  values  of  the  weighting  parameter  a. 


because  of  the  synemtrlcal  nature  of  the  Fourier  transform  the  above  treatment  can  be 
repeated  by  starting  with  projections  in  object  space  rather  than  projections  in  Fourier 
space  to  show  that  projections  of  y(r)  and  slices  of  r (p)  fora  Fourier  pairs. 

Finally  it  is  worth  noting  that  2-0  projections  in  Fourier  space  can  be  regarded  as  pro¬ 
posed  in  (14]  and  (21]  as.  pA.ojteXJ.on.  kotogjuuu. 
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Abatract 

A  procedure  for  accessing  the  3-D  Fourier  apace 
of  a  conducting  or  aomdlsperslvuly  scattering  ob¬ 
ject  by  angular  (aspect)  and  spectral  diversity  is 
described.  Cost-effective  data  acquisition  in  the 
nicroueve  reglne  is  achieved  by  substituting  spec¬ 
tral  degrees  of  freedon  for  the  nore  costly  angular 
degrees  of  freedon  set  by  the  number  of  observation 
points  defining  the  Inaging  aperture.  A  novel 
tcuigt*  dtXivtd  Aeje/Unct  (TOR)  technique  is  uti¬ 
lised  to  generate  a  synthetic  phase  reference 
signel  sonneting  fron  a  point  on  the  target  achiev¬ 
ing  thereby  a  3-D  Ivutu*  F owutA  hotogxam  re¬ 
cording  arrengenent  that  has  ueny  practical  ad¬ 
vantages.  Application  of  the  pHOjictLon-itici 
tkecKtm,  derivable  fron  the  anltidlnanaional 
Fourier  traaaforn,  to  the  acceaeed  Fourier  space 
volune  Is  show  to  allow  the  retrieval  of  3-D  Inage 
detail.  This  can  be  achieved  either  tow  gra¬ 
phically  in  slices  .(or  croae-sectloosl  outlines)  or 
as  shown  here  in  the  fan  of  a  projection  image  of 
the  object  scattering  function.  Exanples  of  micro¬ 
wave  data  acquisition,  data  normalisation  for  an 
undesirable  range  dependent  phase  tan  via  the  TDR 
method,  and  image  reconstruction  an  presented  for 
a  camples  conducting  test  object.  The  results 
shown  herald  a  mew  generation  of  high  resolution 
3-D  Imaging  redan  and  can  be  applied  in  MDE  (non¬ 
destructive  evaluation),  biomedical  imaging,  and 
rawte  sensing  applications. 


quite  large.  Obviously  ape/Uwit  thinning  by  re¬ 
ducing  the  nunber  of  elenents  can  be  employed  to 
cut  cost.  However  a  systematic  atudy  of  ordered 
and  random  aperture  thinning  [1] , [2 ]  indicates 
rapid  datarloratlon  in  resolution  and  image  quality 
with  dagree  of  thinning.  The  effect  of  aperture 
thinning  is  best  described  by  its  influence  on  the 
shape  and  aide-lobe  level  of  the  impulse  response 
or  point  spread  function  of  the  aperture  [2].  It 
is  generally  true  that  -even  with  an  acceptable  de¬ 
gree  of  thinning,  where  the  deterioration  of  lnage 
quality  la  still  tolerable,  the  cost  of  longwave 
apertures  renains  generally  high.  To  overcome  this 
constraint  we  have  proposed  to  use  a  target  derived 
reference  [3]— [6]  and  demonstrated  the  utility 
of  wavelength  diversity  [3], [4]  as  a  means  of 
asking  a  highly  thinned  (sparse)  aperture  collect 
wre  information  about  a  scattering  conducting  or 
nondisperslve  object  thus  imparting  to  the  aper¬ 
ture  a  resolution  capability  better  than  would  be 
possible  aonochrowtically  at  the  shortest  opera¬ 
tional  wavelength  caser.  The  effect  of  wavelength 
diversity  can  be  explained  in  tens  of  spectral 
aperture  synthesis  or  as  trade-off  between  costly 
spatial  degrees  of  freedom  associated  with  the 
nunber  of  elements  and  the  less  costly  spectral 
degrees  of  freedom  associated  with  wavelength  di¬ 
versity.  Specifically  one  can  show  fron  inverse 
scattering  theory  [3]— |8]  that  coherent  nultl- 
aapect  nonostatic  or  historic  measurements  of  the 
far  field  scattered  by  a  plane  wave  1  Hunt  noted 


Introduction 

The  implementation  of  high  resolution  longwave 
(microwave  amd  acoustic)  inverse  scattering  or 
holographic  imaging  syarema  involves  the  acquisi¬ 
tion  of  ths  object  scattered  flald  over  extended 
recording  apertures  that  eubtand  sufficiently  large 
solid  eagles  at  the  object,  gecause  of  the  dis¬ 
crete  nature  of  longwave  sensors,  only  a  sailed 
version  of  ths  scattersd  field  distribution  over 


the  recording  aperture  can  be  recorded.  Seapling 
considerations  ordinarily  require  dense  seapling 
to  avoid  retrieved  image  degradation  through  de¬ 
terioration  of  the  impulse  response  and  aliasing. 
The  cost  of  Implementing  such  densely  sampled 
apertures  is  at  present  quite  prohibitive  because 
of  the  largo  simhar  and  high  cost  of  tbs  coherent 


sensors  required  to  form  ths  aperture  specially 
for  remote  scattering  objects  when  the  extant  of 
the  aperture  required  to  yield  high  resolution  is 
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nondisperslve  object,  as  a  function  of  frequency, 
can  be  used  to  access  the  3-0  Fourier  space  r(ji) 
of  the  object  scattering  function  Y(r),  r  and  p 
being  3-D  position  vectors  in  object  space  and 
Fourier  space  respectively.  The  scattering  func¬ 
tion  represents  the  3-D  geometrical  distribution 
and  strength  of  those  object  scattering  centers 
that  contributs  to  tha  measured  field.  Normalisa¬ 


tion  of  tha  neasured  field  for  range-phase, 
clutter,  and  system  frequency  response  leads  la 
practice  to  accessing  a  finite  volune  r,(p)  of  the 
Fourier  space  T(P).  Zt  is  possible  than  as  shown 
by  computer  simulation  in  references  (3]  and  (4) 
to  retrieve  a  and  nolit  LimUtd  version 

Yd(f)  of  the  object  scattering  function  Y(T)  by 
3-D  Fourier  Inversion. 

Xa  this  paper  we  present  first  a  brief  review 
of  the  principle  of  3-D  imaging  by  wsvmlaagth  di¬ 
versity.  This  is  followod  by  a  description  of  the 
procedure  used  to  access  the  3-D  Fourier  space  of 
a  microwave  scattering  object  employing  an  expert- 
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■ratal  aicroweve  Imaging  facility  [9].  Daacrlptlon 
of  the  projection  Imaging  of  tha  3-D  seattaring 
cntar  distribution  of  a  coupler  scattering  object, 
a  100:1  astslisad  scale  aodel  of  a  B-52,  is  than 
given.  Finally  tha  role  of  polarisation  divaralty 
to  further  enhance  laage  quality  is  briefly  dis¬ 
cussed  aad  Implications  cf  tha  results  in  radar 
Imaging  aad  other  raaote  sensing  applications  are 
presented. 

theoretical  Considerations 


It  la  sufficient  for  tha  purpose  of  this  dis¬ 
cussion  to  use  a  simplified  scalar  formulation  in 
uhlch  polarisation  effects  are  ignored.  Then  the  far 
field  scattered  by  the  object  (under  the  physical 
optica  aad  Born  approximations)  in  tha  direction  of 
the  unit  vector  ij  due  to  plane  rave  illumination 
Inc  Id sat  la  the  direction  of  tha  unit  vector  X,  can 
be  expressed  as,  [3]-[8] ,  1 

»(P.«)  -  /V(?).*H?  (1) 

where  Y(r)  is  taken  here  to  represent  the  object 
scattering  function,  uhlch  for  conducting  bodies 
of  Interest  in  this  paper  departs  froa  saro  only 
on  the  illuminated  surface  of  the  body,  ?  la  a  3-0 
position  vector  of  an  object  point  measured  rela¬ 
tive  50  a  eon non  origin  In  the  object  or  Its  vicin¬ 
ity,  p  ■  k(l*-Ti)  is  a  3-0  position  vector  In 
Fourier  space,  dr  la  the  differential  element  of 
integration,  1  la  the  distance  batmen  an  observa¬ 
tion  point  aad  the  rrwnn  origin  and  k  represents 
tha  strength  of  the  incident  illumination.  Tha 
integral  In  aq.  (1)  shows  that  far  field  measure¬ 
ments  carried  out  for  a  sufficient  range  of  values 
of  7  that  are  realised  by  varying  Ig  and/or  li 
(angular  diversity)  aad  by  veering  k  (frequency  or 
wavelength  diversity)  permits  accessing  a  finite 
region  of  the  3-0  Fourier  space 

I*(P)  -  /  Y<?)  sJp,rd?  -  -J  Q  eJkl  F(p,R).  (2) 

me  m  ** 

r(p)  can  be  regarded  as  a  3-0  Fou/Utk  tkcuu{om 
MagtM m  of  tha  object  scattering  function.  The 
also  and  shape  of  the  accessed  region  of  7-apece 
depends  on  the  values  of  ?  used  la  tha  aaaaur sweat. 
Equation  (2)  shoes  that  derivation  of  T($)  froa  the 
aanonrad  field  ¥($,*)  r  aquiree  knowledge  of  tha 
range  I  froa  a  reference  point  on  the  object  to 
each  observation  point  la  order  to  carry  out  tha 
required  range-phase  normalisation.  Equation  (2) 
shown  furthar^that  a  diffraction  aad  noise  limited 
version  of  y(r)  can  be  retrieved  by  3-0  Fourier 
Inversion  of  the  available  F(J) .  It  is  doer  that 
the  function  r(f)  can  la  practice  be  determined 
over  only  a  finite  ranker  of  points  defining  the 
accessed  volume  of  $-space.  We  assume  bare  without 
farther  elaboration  that  the  f-opaca  sampling  In¬ 
terval  obeys  the  Wyqulst  criterion  la  order  to 
avoid  aliasing  in  the  Image  reconstruction.  In¬ 
version  of  eq.  (2)  yields. 


where  r  is  now  a  3-D  position  vector  in  image  space. 

Representing  next  the  conjugate  variables  r  and 
p  by  their  cartesian  components  end  computing  the 
projection  of  Y(r)  on  the  x-y  plane  we  obtain, 

«  00 
Yproj(*,y>  “  f Y(x»y»*)  ds  •  /  ds 

///  r(Px»Py»Pt)e”^  ^pxx+py+1l>**^dpjtdpydpi 

•  //  r(Px.Fy.o)e"J(P**+Pyy)dpxdpy  (4) 

which  shows  that  projection  Yproj(x,y)  of  the 
scattering  function  on  the^x-y  plans'1  and  a  central 
slice  r(px,pr,o)  though  T(p),  that  la  parallel  to 
tha  projection  plane  are  a  Fourier  transform  pair. 
Because  the  Fourier  transform  conserves  rotation, 
l.a.  rotation  of  the  object  function  results  in 
identical  rotation  of  the  Fourier  transform,  the 
result  in  eq.  (4)^ean  be  generalised  to  show  that 
projections  of  Y(r)  in  any  given  direction,  other 
than  the  s  direction  chosen  above,  is  the  2-0  in¬ 
verse  Fourier  transform  of  a  central  slice  through 
r(J)  oriented  normal  to  direction  of  projection. 

This  pkojtejUon-ktiat  thtpKem  was  discussed  by 
Radon  in  1917  [10]  and  has  since  been  applied  to 
radio  aatronoay  [11],  crystallography  and  electron 
■leroecopy  [12],  X-ray  and  radlo-ealsslve  tono¬ 
graphy  [13],  aad  to  aicroweve  imaging  and  radar 
target  shape  recognition  [3], [4], [14], [15]  and  is 
applied  below  in  the  first  demonstration  of  pro¬ 
jection  laaglng  of  scattering  centers  on  a  target 
froa  actual  aicroweve  scattering  data  in  the  (6-17) 
CHs  range. 

Data  Acquisition  and  lease  Reconstruction 

The  test  object,  a  natal lz ed  100:1  scale  model 
of  a  B— 52  aircraft  with  79  ca  wing  span  and  68  cn 
long  fuselage,  wes  aerated  on  a  computer  controlled 
elevetlon-over-eslauth  positioner  situated  In  an 
aneeholc  chamber  environment.  Automated  measure¬ 
ment  of  the  scattered  field  over  any  band  In  the 
(6-18)  CHs  frequency  range  la  provided  by  a  co¬ 
herent  aicroweve  measurement  syetaa  consisting  of 
a  microwave  sweeper  aad  a  coherent  receiver  as 
shown  in  Fig.  1. 


A(?) 


Figure  1.  Recording  Arrangsasnt 
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It  is  Important  to  not*  chat  tha  (H-opace 
accaaaad  by  rotating  tha  object  relative  to  a 
fixed  T/R  is  identical  to  that  accessed  by  spheri¬ 
cal  scanning  tbs  T/R  about  the  fixed  object  over 
tha  sane  range  of  aspect  angles.  Tha  measure¬ 
ment  system  of  Fig.  1  is  specifically  configured  to 
provide  nerlw  versatility  in  tha  study  of  broad¬ 
band  microwave  imaging,  holography,  and  inverse 
scattering  sad  in  the  evaluation  of  innovative 
radar  Imaging  concepts  [9].  Plane  wave  illumina¬ 
tion  of  the  object  at  an  lrradiaace  level  of  about 
10  aW/cm2  la  produced.  Circularly  polarised  trans¬ 
mitting  and  receiving  antennas  are  utilised  and  tha 
amplitude  and  phase  of  the  scattered  field  at  the 
receiving  antenna  R  is  neasured  with  the  aid  of  a 
nicrowave  network  analyser  acting  as  a  coherent 
receiver.  Rote  the  measurement  configuration  in 
Pig.  1  is  nearly  msnostatic  except  for  a  slight 
spacing  between  the  T/R  antennas  for  tbs  Insertion 
of  a  nicrowave  absorbing  panel  (not  shown)  intend¬ 
ed  to  minimi so  direct  leakage  between  antennas.  In 
tbs  arrangement  shown  a  -  20*  and  ^  ■  7m.  The  sa¬ 
tire  measurement  sequence  consisting  of  angular 
positioning  of  the  object  in  aslmuth  end  elevation 
in  increments  of  .7*,  Incremental  frequency  step¬ 
ping  over  the  (6-17)  GRs  in  selectable  frequency 
steps,  digitisation  and  storage  of  tha  amplitude 
and  phase  readings  of  the  coherent  receiver  is 
carried  out  under  control  of  a  DIC  Modular  Instru¬ 
mentation  Computer,  a  MDC  11/2.  which  also  performs 
tha  data  reduction  and  display  and  all  necessary 
image  coaputations.  The  specified  accuracy  of  am¬ 
plitude  and  phase  measured  by  the  coherent  receiver 
are  +1.2dB  and  +»  degrees  respectively.  Settabllity 
in  frequency  tuning  is  possible  to  an  accuracy  of 
better  than  1  MBs  through  precalibrat  loo  with  a 
microwave  counter  and  least  squares  fit  of  a  quad¬ 
ratic  function  to  the  measured  frequency  versus 
voltage  transfer  function  of  tha  sweep  oscillator 
performed  by  the  computer.  Frequency  incrementing 
by  4f  -  c/2L  where  1  is  a  characteristic  also  of 
the  scattering  object  is  chosen  to  satisfy  the  ly- 
qulst  sampling  criterion  and  avoid  aliasing  in  the 
retrieved  imago.  Assuming  l  •  79  cm  for  the  R-52  a 
if  -  66.6  Mb  was  used  requiring  accordingly  128 
frequency  steps  to  cover  the  (6.1-17.1)  GHs  range 
employed  in  obtaining  tha  data  used  below.  A  sin¬ 
gle  Feurlor  space  slice  of  finite  extent  was  ob¬ 
tained  for  a  fined  object  elevation  angle  of  8  ■  30* 
while  tha  ailifh  angle  0  was  altered  between  -43* 
to  -MS*  relative  to  broadside  orientation  of  tha 
nodal  (when  the  fuselage  is  perpendicular  to  the 
line  bisecting  the  angle  a  in  Fig.  1)  in  stops  of 
.7*  for  a  total  of  128  angular  looks.  This  arrange¬ 
ment  was  ohossn  to  simulate  the  $-epaca  data  that 
would  be  collected  in  the  imaging  geometries  of  a 
passing  aircraft  depicted  in  Fig.  2.  For  tha  value 
of  o  -  20*  used  in  the  recording  geometry  tha  vec¬ 
tor  |  •  k&i-lg)  •  2k  cos  ^  lp  extends  from  Pj  ■ 

“l-I*  303.23  lad/m  to  p2  -  llyoef  -  1402.3 

lad/m  in  the  direction  of  tp  along  the  bisector  of 
the  angle  a  in  Fig.  1.  In  this  fashion  the  p-opace 
is  aaoeaaed  la  a  polar  format  consisting  of  128 
corresponding  to  one  value  of  4 

- M* 


of  90*  with 

raining  128  data  points  for  a  total  of  16,384  com¬ 
plex  data  points.  A  computer  display  of  Re{r(p)) 
slice  obtained  la  this  fashion  is 
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shown  in  Fig. 4 (s) .  The  tine  required  to  obtain 
the  slice  data  is  of  the  order  of  20  minutes.  This 
includes  measurement  time  and  date  correction  time. 


Figure  2.  Imaging  arrangements  equivalent  to  that 
of  Fig.  1.  (a)  Target  synthesised  aper¬ 
ture  or  inverse  Synthetic  Aperture  Radar 
arrangement,  (b)  Imaging  radar  network 

In  practice  the  nsaswrunaat  system  of  tig.  1  cam 
not  measure  V(p,h)  of  oq.  (1)  directly.  Instead  tha 
master onset  is  distorted  by  undesirable  affects  of 
Clutter  sad  measurement  system  reap ernes.  Clutter  is 
an  additive  signal  coup on  mot  caused  by  raflaetloas 
from  tha  nicrowave  absorber  paneling  covering  the 
rhomb or  walls,  floor  and  ceiling  and  from  say  other 
present  items  ouch  so  the  object  mount  sad  position¬ 
er.  Also  included  in  clutter  is  any  direct  signal 
leakage  from  the  transmitting  to  receiving  asms  of 
the  measurement  system  as,  for  example,  through  an¬ 
tenna  coupling.  System  response  represents  the 
combined  multiplicative  effect  of  the  frequency  re¬ 
set  annas,  cables,  sapllfiera,  etc.  which  can  modify 
the  msaaursd  values,  of  T(p,R).  Rrror  free  determi¬ 
nation  of  T(f)  requires,  therefore,  not  only  the 
phase-range  normalisation  indicated  la  eq.  (2),  but 
also  requires  correction  of  the  measured  scattered 
field  for  clutter  and  system  response.  The  moot 
significant  advantage  of  computer  controlled  auto- 


Mt(d  microwave  aumnanti,  In  addition  to  spaad 
of  data  acquisition,  la  that  auch  correction a  can 
bn  earrlnd  out  readily  by  tha  computer  using  algo- 
rltbaa  that  load  to  tha  determination  of  T(p)  with 
an  accuracy  unattainable  othervlae.  One  data  cor¬ 
rection  procedure  developed  in  our  work  and  found 
to  be  quite  effective  enablee  the  correction  of  the 
■eaeured  acattared  field  for  both  range-phaae  and 
aye tee  reaponaa  eleultaneoualy.  the  procedure  uaee 
the  frequency  reaponaa  of  a  reference  target  of 
known  linear  phaae  dependence  on  frequency  and  of 
coeat ant  amplitude  reaponaa.  Both  the  conducting 
aphare  and  conducting  cylinder  aatlafy  this  re¬ 
quirement  ever  a  wide  range  of  blatatlc  acatterlng 
anglaa  In  their  pbyalcal  optica  acatterlng  reglae 
Acre  ka>l,  a  being  the  radlua  [16].  for  both  eaaea, 
the  frequency  dependence  of  the  phaae  of  the  co- 
polarlaad  acattared  field  received  at  K  relative  to 
tha  phaae  of  the  trananltted  algnal  at  T  can  be 
repreaented  by  exp  -jkKBrHtg)  -  2acosa/2]  where  By 
and  Bg  are  the  dlatancea  between  the  phaae  cantara 
of  the  trananlttlag  and  receiving  antannaa  reapec- 
tlvely  and  the  canter  of  the  reference  aphere  or 
axla  of  the  reference  cylinder  when  either  la  uaed 
la  place  of  the  object  in  Fig.  1  [16].  The  correc¬ 
tion  data  for  tha  results  preaanted  below  were  pro¬ 
duced  ualng  a  conducting  cylinder  aa  the  reference 
target.  The  cylinder  uaed  wee  of  diameter  2a  "  7.3 
cm>X  and  length  A  •  ln»l.  A  quantitative  deaerlp- 
tlon  of  the  procedure  la  given  next.  Let, 


v*> 


r(p)h<p)-*c(p) 


(5) 


be  the  acattared  field  meaaured  by  the  ay  a tan  of 
Fig.  1.  Bare  A  la  a  complex  conatant  and  H(p)  and 
C(p)  rapraaaut  the  multiplicative  complex  frequency 
reaponaa  of  the  eyatan  and  tha  additive  clutter  re- 
apectlvely.  Bote  that  H  and  C  are  functlona  of 
frequency  alone  though  P  -  2kcoa  ^  and  when  polarl- 

eatlon  ef facta  are  taken  Irto  account  that  C(p)  la 
alao  polar! eat  Ion  dependant.  Furthermore  C(p)  In 
oq.  (7)  containa  inpllcltly  tha  effect  of  tha  eye- 
tan  reaponaa  H(p)  on  tha  clutter  meaaur ament.  The 
eopolarlaad  acattared  field  for  a  vertically  orien¬ 
ted  conducting  reference  cylinder  uhoae  axla  coln- 
cldee  la  Fig.  1  with  the  aelmuthal  axla  of  rotation 
la  Independent  of  aapect  and  la  given  therefore  by, 

-jkCU-HL)  Jk2acoef 

»c(p)  -  kAe  T  *  e  n(py*C(p) .  (6) 


If  tha  reference  cylinder  la  poaltloned  with  lta 
axla  dlaplaced  by  aa  amount  a  In  range  from  tha 
axla  of  aelmuthal  rotation  of  tha  pedeatal,  the 
Manured  field  of  eq.  (6)  become ■ , 


\(.P) 


*<P)-*C(P). 


(7) 


with  the  flrat  term  on  the  right  hand  aide  repre¬ 
senting  apecular  reflection  at  the  leading  edge  of 
tha  cylinder  which  acta  aa  a  11m  acatterer  posi¬ 
tional  on  tha  axla  of  aelmuthal  rotation.  The  co- 
polarlted  acattared  field  of  tha  dlaplaced  refer¬ 
ence  cylinder  la  aeon  to  contain  the  required  data 
correction  tarnei  tha  raage-phaec  tarn,  tha  ayatM 
reaponaa  term  and  tha  dutear  tern.  To  affect 
data  correction  the  clutter  tern  c(p)  la  flrat 
Manured  by  tha  ayatM  without  any  target  la  place 


and  atored  in  couputer  memory.  Then  the  reference 
cylinder  la  positioned  aa  described  above  and  the 
response  (of  eq.(7))  is  neasured  and  stored.  The 
computer  Is  then  used  to  subtract  C(p)  from  the  pre¬ 
viously  meaaured  and  stored  object  frequency  re¬ 
sponse  of  eq.  (3)  and  from  the  stored  reference  re¬ 
sponse  of  eq.  (7)  to  finally  obtain  the  required 
object  response  from, 

T(P)  -  M»S(P>  -C(p)]/[»r(p)  -  C(p)].  (8) 

The  preceeding  procedure  has  been  tested  In  our 
studies  and  found  to  provide  good  reaulta.  However, 
It  is  frequently  not  practical  or  possible  to  lo¬ 
cate  the  reference  target  In  place  of  the  scatter¬ 
ing  object  in  order  to  effect  data  correction  for 
range-phaae  and  system  response  simultaneously  as 
described  above.  This  is  particularly  true  when 
the  object  la  remote  aa  in  actual  radar  imaging 
situations.  A  procedure  different  than  that  indi¬ 
cated  by  eq.  (8)  la  then  needed.  Therefore  a  more 
practical  Mthod  in  which  the  ayatM  response  and 
tha  range-phase  are  determined  separately  was  de¬ 
vised  and  applied  in  obtaining  the  imaging  results 
presented  In  this  paper.  The  Mthod  is  novel  in 
that  it  synthesises  a  phase-reference  on  the  target 
realising  thereby  all  the  advantages  of  a  TDR[3]- 
[6].  It  la  baaed  on  utilising  the  available  mea¬ 
aured  multlaapect  frequency  response  data  of  the 
scattering  object  to  determine  the  total  path 
length  (Br+Rft)  between  the  phaee  centers  of  the 
transmitting  and  receiving  antannaa  to  a  selected 
phaae  reference  point  on  tha  object.  Clutter  la 
measured  exactly  as  before,  however  the  reference 
target  la  utilised  now  only  to  determine  the  sys¬ 
tem  response  H(p).  The  path-length  intonation  for 
each  "look"  or  viewing  angle  (aspect)  of  the  object 
la  obtained  by  Fourier  inversion  of  tha  already 
available  frequency  response  data  after  correcting 
it  for  clutter  and  syatam  response.  This  provides 
tha  impulse  response  of  the  object  for  each  view¬ 
ing  angle  aa  a  function  of  a  spatial  variable  ( 
proprotlonal  to  ct,  c  and  t  being  the  velocity  of 
light  and  time  respectively.  Because  plane  wave 
illumination  la  utilised,  the  resulting  "spatial” 
Impulse  response  represents  ass's*  tally  the  gao- 
Mtrleal  projection  of  the  visible  scattering  cen¬ 
ters  of  the  object,  weighted  properly  bv  their 
acatterlng  strengths,  on  a  11m  la  tha  lp  direction. 
With  the  impulse  response  intonation  la  hand,  the 
location  of  the  *aa£tvUag  cejtCtntd*  of  the  object 
on  the  [  axis  la  determined  for  each  viewing  angle 
and  then  used  to  estlMte  the  range  intonation 
(*!+■»)  m  will  be  described  below.  The  accuracy 
of  this  Mthod  fox  determining  range  Intonation  la 
well  known  and  la  given  by  c/2Af  ,Af  being  the  width 
of  the  spectral  window  utilised  In  data  acquisition 
[20].  Tha  last  step  in  data  correction,  namely  the 
raage-phne  normalisation,  can  now  be  carried  out 
to  yield  the  desired  r(p).  This  last  operation  la 
la  effect  equivalent  to  an  alignment  or  coalescing 
of  tha  position  of  the  scattering  centroids  for 
the  various  viewing  angles  Into  a  single  phasa 
reference  point  on  the  object  that  represents  a 
synthetic  TDE. 

•This  often  coincides  with  the  location  of  a  domi¬ 
nant  peak  la  tha  impulse  reapoMe  when  there  la  a 
dominant  acatterlng  center  on  the  object. 
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TO  pot  th«  a  bow  remarks  on  a  quantitative 
bull  on  writ*  froa  oq.  (6), 

VS 

«<P>  *  a-^ (2co»o/ 2  "•>p[Tt(p)  -  C(p)].  (9) 

All  quantities  on  tha  right  aid*  of  this  aquation 
ara  kaowi  (froa  eluttar  data  and  measurements  with 
tha  rafaxanea  cylinder)  with  tha  exception  of  (tip* 
It)  which  wa  datarwina  by  Fourier  inversion  of  tha 
known  quantity. 


C(p)  -  |jl»r(p)-C(p)]  -  a'J(2^5/2"*)pH(p)  (10) 

Thia  Inversion  yialda, 

g«)  -  j;  f  C(p)aJp€dp  -  £  h«-Sc>  <U) 

whara  h(C)  la  tha  Pourlar  inverse  of  H(p),  and 

Cc  -  (K^ncot  |  -  a  (12) 

By  taking  5c  to  equal  tha  centroid  of  g  (aaa  Fig. 

3)  which  la  defined  aa, 

5C  -  /  5g<5)  45  /  I  g<5)  45  (13) 

and  equating  aqa.  (12)  and  (13)  wa  can  determine 
tha  range  information  (ly+tg)  which  can  than  be 
aubatltuted  la  aq.  (9)  to  yield  tha  ay a tan  re- 
aponaa  H(p). 


responding  (RpHtg).  which  can  finally  be  uaad  in  aq, 
(14)  to  obtain  T(p). 

An  exanple  of  tha  6  -  30*  alice  of  I*( p)  of  the 
B-32  teat  object  extracted  froa  tha  aaaaurad  data 
by  tha  above  procedure  la  ahovn  in  Fig.  4(a). 


9(0 


fc  £ 


Figure  3.  Plana  wave  lnpulaa  raaponaa  represen  ta- 
tion  used  in  defining  tha  acattarlag 
centroid  5e* 

■awing  datarniaad  l(p)  wa  can  find  F(p)  from  aq. 

(3)  aa, 

r(?)  -  ±  •  Jk(*T+**>[Fii(p)-C(p)]/H(p)  (14) 

Again  wa  note  chat  all  qoaatltlaa  on  tha  right  aide 

except  far  tha  range  Information  (B;iBg)  of  tho  ob¬ 
ject  which  will  be  aapeet  dependant  a  Inca  tha 
•cattaring  centroid  la  aapact  dapaadaat.  Thia  tarn 
can  bo  datarminod  aa  before  by  Fourier  invaralon  of. 


Q(P>  •  I\(p)-C(p)]/*(p)  -  a  '  r(p) 

(13) 

to  firat  obtain  tha  lnpulaa  roaponao  for  each  view¬ 
ing  angle  and  than  to  datamiae  the  dletemee  of  the 
ocattoring  centroid  for  each  look  to  find  tho  eor- 


Figuro  4.  laaulta  of  projection  lnaging  of  B-32. 

(a)  Slice  of  3-D  Fourier  apace  of  ob¬ 
ject.  (b)  Sane  alica  la  rectangular  for¬ 
mat  obtained  by  interpolation,  (c)  Pro¬ 
jection  inaga  ahowlng  characteristic 
scattering  canters  Identifiable  In  the 
pictorial  view  (d). 

This  represents  the  real  part  of  tha  alica  data,  as 
displayed  by  tha  computer  on  a  high  resolution  CXX 
display.  Fourlar  invaralon  of  tha  data  in  thia 
alica  should  yield,  aa  explained  previously,  a  pro¬ 
jection  image  representing  the  projection  of  the 
scattering  centers  of  the  object  on  a  plane  paral¬ 
lel  to  the  plane  of  the  p-epace  slice.  Digital 
Fourier  inversion  of  the  Hpue  slice  data  re¬ 
quires  lea  conversion  first  from  tha  polar  format 
in  which  le  is  originally  acquired  to  a  rectangular 
format  suitable  for  application  of  the  2-D  Fast 
Fourier  transform.  Conversion  from  polar  to  rec¬ 
tangular  format  waa  achieved  by  means  of  a  weighted 
average  of  four  nearest  neighboring  data  polnta 
algorithm  [17).  The  result  is  shown  in  Fig.  4(b). 
Typical  interpolation  tine  on  the  DK  11/2  for  the 
16K  complex  data  point  of  the  f-space  slice  wee 
about  10  niautea.  Tha  result  of  applying  the  2-D 
FFT  to  the  interpolated  data  la  shown  in  Fig.  4(c). 
This  projection  image  is  actually  magnified  in  the 
vertical  direction  by  a  factor  l/cos0  •  1.155  in 
order  to  obtain  a  properly  scaled  projection  image 
of  the  scattering  centers  as  they  would  be  sesn  la 
a  bottom  view  of  the  B-32  shown  in  Fig.  4(d).  The 
aama  scaling  effect  can  also  be  achieved  by  scal¬ 
ing  (contracting)  the  alice  hologram  of  Fig.  4(b) 
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la  th«  vertical  direction  by  the  aaaa  (actor  1/coaS 
before  interpolation  and  Fourier  inversion.  It  is 
aeea  that  prominent  characteristic  scattering  cen¬ 
ters  of  the  B-32  e.g.  engines,  fuel  teaks  and  fuse¬ 
lage  are  delineated  clearly  and  in  the  correct  geo¬ 
metrical  relation  sad  relative  else  to  enable  rec¬ 
ognition  and  classification  of  the  scatterer.  The 
image  resolution  achieved  la  of  the  order  of  2  cm 
and  is  in  agreement  with  theoretical  predictions^]. 

Discussion 

Several  Important  conclusions  sad  remarks  can 
be  dram  from  the  mrk  preeented. 

(a)  The  principles  and  methods  discussed  show  how 
to  access  the  3-D  Fourier  apace  of  a  nondlsperslve- 
ly  scattering  object  by  angular  sad  wavelength  di¬ 
versity.  Although  mot  specifically  discussed  in 
this  peper,  polarisation  diversity  can  also  be  em¬ 
ployed  to  increese  the  amount  of  information  in  the 
accessed  Fourier  specs. 

(b)  The  accessing  of  the  Fourier  space  is  facilita¬ 
ted  through  the  use  of  a  novel  synthetic  target  de¬ 
rived  reference  (TDD)  technique  whose  advantages 
have  been  enumerated  elsewhere  1 3 1 — [ 6 ]  end  whose 
effectiveness  has  been  demonstrated  here  in  tha 
microwave  regime.  The  TDK  method  has  been  used 
routinely  la  our  tomographic  and  projective  imaging 
of  complex  objects  yielding  unprecedented  resolu¬ 
tions.  The  TDK  technique  results  in  a  recording 
arrangement  that  yields  what  can  be  regarded  as  a 

3- D  lensless  Fourier  transform  hologram. 

(c)  The  first  centimeter  resolution  microwave  pro¬ 
jection  Imaging  of  scattering  centers  of  a  complex 
conducting  body  from  measured  data  is  demonstrated. 
This  is  achieved  by  applying  the  projection-slice 
theorem  to  realistic  microwave  scattering  data 
collected  In  our  experimental  microwave  imaging 
facility. 

(d)  Projection  imaging  of  characteristic  highlights 
or  scattering  centers  of  a  complex  shaped  object  of 
tha  kind  employed  in  this  study  is  shown  to  provide 
sufficient  geometrical  image  detail  to  enable  iden¬ 
tification. 

(e)  Centimeter  resolution  is  demonstrated  through 
the  use  of  frequency  diversity  in  the  (6-17)  GKs 
range  and  angular  diversity  over  w/2  in  the  data 
acquisition  and  by  using  digital  image  reconstruc¬ 
tion.  Excellent  microwave  image  quality  is  obtain¬ 
ed  from  data  contained  in  a  single  finite  slice  of 
the  Fourier  space  accessed  la  an  angular  format  of 
128  equally  spaced  radial  lines  covering  an  angle 
of  90*  with  each  radial  line  containing  128  complex 
data  points.  A  study,  not  reported  here,  of  the 
effect  of  angular  aperture  thinning  and  reduction, 
shows  that  reducing  the  number  of  radial  lines  (as¬ 
pect  angles)  covering  the  90*  angular  aperture  from 
128  to  64  hardly  causes  any  noticeable  change  la 
image  quality  while  narrowing  tha  angular  aperture 
to  43*  does  not  degrade  image  quality  to  any  sig¬ 
nificant  degree  that  readers  it  unrecognisable. 

(f)  The  retrieved  image  is  nearly  free  of  the 
speckle  noise  chat  plagues  conventional  coherent 
imaging  systems  [18]  and  particularly  microwave 

4—  f'-f  systems.  Speckle  noise  suppression  is  at¬ 
tributed  to  wavelength  diversity  which  tends  to 
wake  tha  Impulse  response  of  a  coherent  imaging 


system  change  frou  bipolar  (l.e.  with  negative  aide- 
lobes)  to  unipolar  making  it  thus  behave  like  a 
speckle  free  incoherent  imaging  system  [19]. 

(g)  The  concepts  described  and  verified  in  this  pa¬ 
per  show  for  the  first  time  how  a  network  of  widely 
dispersed,  extremely  broadband,  coherent  radar  sta¬ 
tions  can  be  used  in  a  cooperative  mode  to  produce 
2-D  projective  images  or  3-D  tomographic  images  of 
distsnt  aerospace  objects  with  unsrecedented  resolu¬ 
tion.  This  resolution  can  exceed  the  capabilities  of 
optical  imaging  systems  whose  operation,  unlike  mi¬ 
crowave  systems,  is  severely  hindered  by  atmospher¬ 
ic  effects. 

(h)  The  results  presented  here  were  obtained  from 
data  collected  without  having  to  maintain  phase  co¬ 
herence  from  one  angular  frequency  response  measure¬ 
ment  to  another.  This  has  important  practical  ad¬ 
vantages  when  multlaapect  interrogation  of  the 
scatterer  with  an  array  of  broadband  monostatic  co¬ 
herent  transmitter /receiver  elements  is  employed  as 
tha  mode  for  data  acquisition  as  envisioned  In  the 
proposed  radar  imaging  network  since  it  Indicates 
that  maintenance  of  phase  coherence  between  the 
sources  at  the  various  stations  is  not  required. 

This  eliminates  the  need  for  reference  signal  dis¬ 
tribution  networks  which  are  known  to  be  a  major 
obstacle  in  the  realisation  of  giant  coherent  micro- 
wave  imaging  apertures  [5]  because  of  economical 
and  practical  constraints  on  their  Implementation. 

(1)  Despite  the  fact  that  for  the  distance  Ry  =  7m 
and  scatterer  else  L  -  .79m  the  receiving  antenna 
position  in  Fig.  1  is  hardly  in  the  far  field  zone 
(R>I.2/Aaln)  of  the  scatterer,  high  quality  images 
ware  obtained  using  algorithms  that  stem  from  far 
field  inverse  scattering  considerations.  This 
seems  to  indicate  that  the  imaging  methods  de¬ 
scribed  here  are  applicable  to  intermediate  range 
applications  and  possibly  with  some  modifications 
to  near  field  Imaging  situations. 

(j)  Tha  Fourier  space  slice  accessed  by  the  measure¬ 
ments  described  here  using  our  experimental  micro¬ 
wave  Imaging  facility  is  identical  to  the  p-space 
that  one  night  access  In  the  Inverse  SAR  geometry 
of  Fig.  2(a)  or  the  imaging  radar  network  geometry 
of  Fig.  2(b).  This  can  readily  be  verified  by 
drawing  the  fepaea  sampling  format  for  these  equi¬ 
valent  geometries  to  f£nd  that  they  are  identical 
since  both  access  the  p-space  of  the  scatterer  over 
the  same  range  of  aspect  angles  one  doing  so  se¬ 
quentially  in  time  as  the  scatterer  progresses  in 
its  flight  and  the  other  acquiring  the  same  data 
simultaneously .  The  questions  of  $-space  acquisi¬ 
tion  in  the  presence  of  scatterer  notion  and  simul¬ 
taneous  interrogation  where  "cross-talk"  can  be  a 
problem  in  the  arrangement  of  Fig.  2(b)  have  been 
considered  in  our  work  and  will  be  addressed  in  a 
future  publication. 

(k)  Customarily,  the  function  Y(r)  is  identified 

as  tha  dwxacWUttic  function  of  the  scatterer  de¬ 
fined  as  being  unity  within  it  and  zero  outside  [7], 
[8].  Tha  results  presented  here  show  that  in 
practice  Y  tan  assume  zero  values  on  those  parts  of 
the  scatterer 's  surface  that  are  not  seen  by  the 
system  (i.e.  do  not  scatter  radiation  in  the  direc¬ 
tion  of  the  observation  point  or  points)  such  as 
the  case  of  the  flat  wing  sections  and  other  gross 
detail  in  the  exanple  of  the  B-52  test  object 
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utilised  in  this  work. 

(1)  The  two  vortical  wedges  appearing  in  Fig.  4(e) 
aro  tba  projection  iaago  of  tha  vortical  plaxlglaaa 
ana  support lng  the  toot  object  (one  Fig.  1(a)). 
Since  the  clutter  information  used  in  the  data 
correction  procedure  la  obtained  for  a  single  posi¬ 
tioner  orientation  in  6,  it  will  remove  the  affect 
of  all  cylindrical!.?  syuastric  features  of  the 
positioner  that  do  not  change  with  p  from  the  Image 
ouch  aa  the  vortical  plexiglass  tubing  but  not  the 
vertical  plexiglass  eras  since  these  lack  cylindri¬ 
cal  s  yes  try.  The  Imaging  of  the  plexiglass  ame 
is  evidence  of  the  effectiveness  of  the  nethods 
described  here  in  Inaging  of  composite  (natallc/ 
dielectric)  bodies. 

(n)  Since  scattering  fxon  a  conplax  shaped  object 
is  polarisation  dependant,  polarisation  selective 
nsssursnsnts  can  readily  be  incorporated  in  the 
procedures  described.  This  would  yield  a  wave¬ 
length  and  polarisation  diversity  g<»g  method 
capable  of  providing  more  Information  about  the 
scattering  object. 


This  research  was  supported  by  ths  Air  Force 
Office  of  Scientific  Research,  Air  Force  Systems 
rnnssnil  under  Grant  Ho.  AP0SX-81-O24OB  and  by  the 
Any  lesearch  Office  under  contract  DAAC29-80-R- 
0024F02. 


1.  I.H.  Farhnt,  "Longwave  Holography"  in  Hologra¬ 
phy  am  Hedicine,  F.  Cregnas  (Id. ) ,  XFC  Science 
and  Technology  Fress,  lichmond  (lag land),  1973. 

2.  I.H.  Farhat,  at.  al. ,  "Real-Time  Microwave 
holography  -  A  Feasibility  Study",  University 
of  Pennsylvania  Report  -  Prepared  for  Univer¬ 
sity  Science  Center  lac.,  Oct.  1972. 


I.H.  Farhat  and  C.K.  Chan,  "Three-Dimensional 
Imaging  by  Have-Vector  Diversity",  Presented  at 
the  8th  Int.  Syap.  on  Acouat.  Imaging,  ley  Bis¬ 
cayan,  Fla.,  1978  and  published  la  hcooJktical 
Imaging,  Vol.  8,  A.  Mather  ell  (Id.),  pp.  499- 
516,  Plenum  Press,  Mss  Turk  1980. 


4.  C.K.  Chan  and  V.  Farhat,  "Frequency  Swept  Tomo¬ 
graphic  Imaging  of  Three-DInsnslonal  Perfectly 
Conducting  Objects",  I  HZ  Trans,  on  Amt.  and 
Prop.,  Special  Issue  on  Inverse  Methods  in 
Electromagnetics ,  Vol.  AF-29,  pp.  312-319, 

March  1981. 

9.  I.H.  Farhat,  H.I.  Laadauar  and  H.8.  Wallace, 
"Computer  Assisted  Msval  Applications  of  Holo¬ 
graphy",  Computer  Command  and  Control  Co., 
Report  Mo.  132-4,  prepared  for  Ravel  Analysis 
Programs,  Office  of  larval  laaeareh  under  con¬ 
tract  Ro.  R0014-69-C-0167,  February  1973. 

6.  R.  Farhat,  C.K.  Chan  and  T.H.  Chu,  "A  Target 
Derived  Reference  Technique  for  Frequency  Di¬ 
versity  Imaging",  Horth  American  Radio  Science 
Masting,  Quebec,  1980. 


I.  Bojarski,  "Inverse  Scattering",  Naval  Air 
Coenand  Final  Report  N000  19-73-C-0312F,  Feb. 
1974. 

R.M.  Lewis,  "Physical  Optics  Inverse  Diffrac¬ 
tion",  IEEE  Trana.  on  Ant.  and  Prop.,  Vol.  AP- 
17,  pp.  308-314,  May  1969. 

I. H.  Farhat  and  C.L.  Werner,  "An  Automated 
Microwave  Measurement  Facility  for  Three  Dime* 
sioeal  Tomographic  laaglng  by  Wavelength  Di¬ 
versity",  presented  at  the  1981  Intern.  IEEE 
AP-S  Synp. /Rational  Radio  Science  Meeting, 
L.A.,  June  1981. 

J.  Radon  "Uber  die  Best  inning  von  Fonktlonen 
Durch  lhre  Integraldwerte  Langs  Gewisser 
Mannigfaltigkelten"  Bar.  Saechs.  Akad.  Hiss. 
(Lalpslg) ,  Vol.  19,  pp.  262-278,  1917. 

R.l.  Bracevell,  "Strip  Integration  in  Radio- 
astronomy",  Australian  J.  of  Phys.,  Vol.  9, 
pp.  198-217,  1936. 

G.  Stroke  and  M.  Halloua,  "Three-Dimensional 
Reconstruction  in  X-ray  Crystallography  and 
Electron  Microscopy  by  Reduction  to  Two  Dimen¬ 
sional  Holographic  lapleaentatlon”,  Trana. 
Amar.  Crystal.  Assoc.,  Vol. -12,  pp.  27-41, 
1976. 

H. R.  Barrett  and  w.  Swindle,  Radiological 
Imaging-*  Theory  and  Image  Formation,  Detection 
and  Procuring ,  Academic  Press,  lew  Tork  1982. 

T.  Das  and  W.M.  Boerner,  "On  Radar  Shape  Esti¬ 
mation  Using  Algorithms  for  Reconstruction 
From  Projections",  IEEE  Trans,  on  Ant.  and 
Prop.,  Vol.  AP-26,  pp.  274-279,  March  1978. 

A.J.  Rockmore,  R.V.  Denton  and  B.  Frledlander, 
"Direct  Three-Dimensional  Inage  Reconstruc¬ 
tion",  IRIK  Trans,  on  Ant.  and  Prop.,  Vol  AP- 
27,  pp.  239-241,  March  1979. 

G.T.  Ruck  Radar  Cron  Section  Handbook,  Plenum 
Press,  lew  Tork  1970. 

R.M.  Mersareau  and  A.V.  Oppeaheln,  "Digital 
Reconstruction  of  Multidimensional  Signals 
From  their  Projections",  Proc.  IEEE,  Vol.  62, 
pp.  1319-1338,  October  1978. 

J.C.  Dainty  (Id.)  Later  Speckle,  Sprlager- 
Verlag  Berlin,  (1975). 


R.l.  Farhnt  and  C.K.  Chen,  "Super-resolution 
by  Wavelength  Diversity  in  Longwave  Imaging", 
la  Optics  Hoy  T  Mafieaa  Proc.  IC0-11  Conference 
J.  Bescos  et.al.  (Ids.),  Inst.  De  Optlca- 
Socieded  Espafiola  Do  Optica,  Madrid  1978. 

H.R.  Farhat,  "High  Resolution  Longwave  Fre¬ 
quency  Swept  Holographic  Imaging",  1975  Ultra- 
soalcs  Symposium  Proc.,  IIEI  Cat  #75CH0994-4SU. 


18 


APPENDIX  VIII 


TOMOGRAPHIC  IMAGING  OF  DIELECTRIC  BODIES 


TOMOGRAPHIC  IMAGING  OF  DIELECTRIC  BODIES 


This  task  of  our  rssssrch  program  la  concerned  with  the  ability  to  image 
dielectric  and  composite  bodies  using  the  X  and  polarization  diversity  imaging 
techniques  developed  in  our  work.  There  are  several  reasons  for  this  concern. 

One  is  the  fact  that  many  objects  of  interest  in  remote  imaging  are 
composite  in  nature  l.e.,  they  contain  conducting,  semi-conducting,  or  dielectric 
parts.  Another  is  the  Important  role  that  can  be  played  by  an  effective  means 
of  3-D  visualization  in  nondestructive  evaluation  (NDE) .  Microwave  and  milli¬ 
meter  wave  (mow)  visualization  of  internal  defects  and  flaws  can  be  particularly 
important  in  materials  that  do  not  lend  themselves  to  inspection  by  ultrasound 
techniques  such  as  large  solid  propellant  grains*.  Preliminary  results  of 
(6-17)  GHz  microwave  projection  imaging  of  a  dielectric  test  object  consisting 
of  two  concentric  cylindrical  tubings  of  .3  cm  wall  thickness  and  inner  and 
outer  cylinder  diameters  of  4.750  cm  and  29.70  cm  respectively  are  given  in 
Fig-  1.  The  object  was  mounted  on  an  elevation-over  azimuth  positioner  as 
shown  in  the  top  photographs  of  Fig.  1  and  horizontal  plane  slices  of  its 
Fourier  space  where  accessed  over  an  azimuthal  angle  range  of  0  <  ♦  <  360s  for 
different  values  of  elevation  angle  0  ("0s,  20s,  30s).  Since  a  single  Fourier 
space  slice  is  measured,  the  images  retrieved  from  it  by  Fourier  inversion  will, 
in  accordance  to  the  projection-slice  theorem,  correspond  to  projections  of 
the  object  scattering  function  on  a  plane  parallel  to  the  projection  plane. 

Such  projections  are  shown  in  the  second  row  of  Fig.  1  for  the  three  values  of  3 
chosen. 

*  R.W.  Cribbs  and  B.L.  Lamb,  "Resolution  of  Defects  by  Microwave  Holography", 

Proc.  of  the  Engineering  Applications  of  Holography  Symposium,  conducted 
for  ARPA  by  TRW  Systems  Group,  Los  Angeles,  Feb.  1972. 
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Fig.  1.  Results  of  microwave  tomographic  Imaging  of  two  concentric  plexi¬ 
glass  cylinders  shown  in  the  two  views  of  the  top  row  mounted  on 
elevation-over-azimuth  positioner.  Second  row  -  Digital  reconstruc¬ 
tion  from  Fourier  space  slices  obtained  using  a  6-17  GHz  spectral 
window  and  360*  angular  aperture.  Bottom  row  -  Digital  reconstruction 
from  equivalent  computer  simulation.  6  Is  the  angle  between  the 
cylinder  axis  and  the  vertical. 


The  projection  images  shown  are  seen  to  have  adequate  resolution  for  identi¬ 
fication  of  gross  detail  but  obviously  not  for  the  identification  of  other 
features  such  as  possible  voids,  cracks,  delaminations  and  other  fine  detail 
and  imperfections  of  interest  in  NDE  which  would  require  higher  mmw  resolu¬ 
tions.  Also  shown  for  comparison  (bottom  row  of  Fig.  1)  are  the  results  of 
a  computer  simulation.  It  is  seen  that  good  agreement  exists  between  the  ex 
perimentally  and  numerically  obtained  results. 
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PROJECTION  IMAGING  OF  INCOHERENT  OBJECTS 


Theoretical  considerations  show  that  the  concept  of  3-D  tomographic 
imaging  by  wavelength  diversity  is  extendable  to  incoherent  radiation  and 
thus  to  thermally  emitting  objects  [1],  Verification  of  this  concept  can 
lead  to  true  passive  3-D  Imaging  (radiometry  or  thermography)  capabilities 
with  important  implications  in  surveillance,  remote  sensing  and  possibly  radio- 
astronomy.  Specifically  we  have  shown,  [1],  that  spectrally  selective  cross- 
correlation  measurements  or  equivalent  cross-spectral  density  measurements  of 
the  random  wavefleld  emitted  by  a  3-D  incoherent  source  of  brightness  distri¬ 
bution  b(r)  can  be  employed  to  access  the  3-D  Fourier  space  B(p)  of  the  emitter 
where  1>  •  1^.(1^  -  1^  ) .  1^  and  1R  being  unit  vectors  from  an  origin  in  the 

object  in  the  directions  of  the  observation  points  located  at  r1  and  r2  and  k 
being  the  wavelength  (central  wavelength  of  the  synchronously  tuned  filters 
used  to  achieve  spectral  selectivity  in  the  correlator  arms) . 

Successful  verification  of  the  concept  was  achieved  recently  employing 
acoustic  noise  emission  rather  than  microwave  emission  because  of  easier 
and  less  costly  implementation.  Because  of  the  large  ratio  of  velocity  of 
light  to  velocity  of  sound  (slO^)  the  same  wavelength  ranges  of  Interest  in 
Incoherent  microwave  frequencies  can  be  achieved  with  sound  frequencies 
that  are  10^  times  lower  i.e.,  sound  spectra  in  the  KHz  range. 

Two  acoustive  measurement  systems  have  been  implemented  to  experimentally 


verify  and  study  3-D  interferometric  imaging  of  Incoherent  objects.  Both  measure 
the  cross-spectral  power  density.  One  directly  by  spectrally  selective  cross- 
correlation  measurements  (see  Fig.  1)  and  the  other  indirectly  (see  Fig.  2)  by 


surlng  the  coherence  function  r(rt,  r2,  t)  first,  then  Fourier  trans- 


System  for  automated  measurement  of  the  coherence  function  of  an  in¬ 
coherent  acoustic  source  in  the  (4  -  18)  KHz. 


forming  w*r  to  x,  where  r^  and  ^  being  the  position  vectors  of  the  trans¬ 
ducers.  The  receiving  transducers  in  both  systems  are  wide-band  condenser 
microphones  each  located  approximately  8  meters  from  the  object.  The  angle 
between  them  as  seen  from  the  object  is  approximately  60°.  The  object  itself 
consists  of  5  dome  tweeters  arranged  in  a  3-D  array  on  top  of  an  azimuth 
positioner  (rotating  pedestal) .  The  rotation  of  the  pedestal  is  controlled 
by  a  MINC  11  Computer  which  coordinates  system  data  acquisition  and  storage. 

The  first  system  shown  in  Fig.  1  utilizes  digitally  controlled  dual 
switched  capacitor  band-pass  filters  that  select  quasimonochromatics  bands 
of  the  received  signals.  The  Q  of  these  filters  is  on  the  order  of  200 
which  implies  a  50  Hz  bandwidth  at  10  KHz.  The  filter  outputs  are  multi¬ 
plied  and  integrated  to  form  an  estimate  of  the  cross-spectral  density. 

The  second  system  is  based  upon  measurement  of  the  mutual  coherence 
function.  By  the  well  known  Weiner-Kinchin  Theorem  the  cross-spectral  power 
density  and  the  mutual  coherence  function  are  a  Fourier  transform  pair.  Hence 
knowledge  of  the  former  leads  to  determination  of  the  latter  via  a  discrete 
Fourier  Transform.  This  system  is  shown  in  Fig.  2.  It  utilizes  two  CCD20  48 
stage  bucket  brigade  devices  in  order  to  achieve  a  programmable  analog  delay. 
The  MINC  11  Computer  can  program  the  delay  time  in  7ys  increments.  The  mutual 
coherence  function  is  measured  by  chinging  the  delay  in  one  channel  relative 
to  the  other  channel.  The  product  of  the  two  channels  is  then  Integrated  to 
yield  an  estimate  of  the  coherence  function.  The  width  of  the  correlation 
peak  resulting  from  a  point  source  is  Inversely  related  to  the  bandwidth  of 
the  systems  which  in  turn  determines  the  range  resolution.  System  resolution 
is  found  to  be  on  the  order  of  1.5  cm.  An  example  of  a  measured  cross- 
correlation  function  of  an  incoherent  point  source,  a  single  dome  tweeter,  is 
shown  in  Fig.  3.  This  was  obtained  with  the  arrangement  of  Fig.  2. 


Fig.  3.  Results  of  a  cross-correlation 

measurement  of  an  incoherent  point 
source . 

In  order  to  obtain  a  three  dimensional  image  of  the  3-D  test  object 
described  earlier  the  multiaspect  cross-spectral  density  must  be  measured 
over  as  large  a  volume  of  Fourier  space  as  possible.  Successive  slices 
of  the  object  can  then  be  retrieved  using  Fourier's  domain  projection 
theorems . 

Recently,  single  slices  or  c oWizlogAam*  of  the  3-D  Fourier  space  B(p) 
of  the  incoherent  test  object  were  obtained.  These  correlograms  were 
employed  in  a  digital  reconstruction  scheme  Identical  to  that  used  in  the 
reconstruction  of  our  wavelength  diversity  holograms  to  produce  the  first 
projection  images  of  a  3-D  incoherent  object. 

The  results  to  be  described  below  show  the  validity  of  applying  the  pro¬ 
jection-slice  theorem  (see  Appendix  VI)  in  the  context  here  and  are  therefore 
indicative  of  the  feasibility  of  tomographic  Imaging  of  3-D  incoherent  objects 
from  cross-spectral  power  density  data.  Note  that  our  work  differs  from 


medical  radio-emissive  tomography  that  is  based  on  flux  density  measurements 
that  are  noninterferometric  in  nature. 

Pictorial  views  of  the  measurement  system  utilized  are  given  in  Fig.  4(a). 
The  3-D  noise  emitting  object,  shown  in  Fig.  4(b),  was  realized  using  a 
3-D  formation  of  five  acoustic  tweeters  as  mentioned  earlier  excited  from 
independent  random  noise  generators  in  the  (.6  -  13.5)  KHz  range.  The 
tweeter  assembly  is  mounted  on  a  computer  controlled  azimuthal  positioner 
that  is  used  to  change  their  azimuthal  angle  $  relative  to  the  sensors. 

The  random  wavefield  produced  was  transduced  at  two  points  in  space  separated 
as  seen  from  the  object  by  angle  6  -  60°  with  the  aid  of  two  condenser  micro¬ 
phones  shown  in  Fig.  4(c)  and  the  cross-spectral  power  density  of  their  out¬ 
puts  was  obtained  using  the  Indirect  arrangement  of  Fig.  2. 

The  correlogram  recorded  when  only  two  of  the  five  tweeters,  indicated 
in  the  top  view  given  in  Fig.  5(a),  were  excited  is  shorn  in  Fig.  5(b) 

Figure  5(b)  is  the  real  part  of  the  correlogram  as  recorded  by  changing 
$  in  Fig.  5(a)  over  a  range  of  180°  in  196  steps  and  plotting  the  measured 
cross-spectral  density  radially  over  a  range  equivalent  to  the  (.6  -  13.5) 

KHz  spectral  window  utilized.  The  correlogram  consists  of  196  radial  lines 
each  consisting  of  48  frequency  points  and  represents  the  data  in  a  slice 
of  the  Fourier  space  of  the  object.  A  digitally  interpolated  version  of 
this  correlogram  was  obtained  by  a  four-nearest-neighbors  algorithm  [2]. 

In  accordance  with  the  projection-slice  theorem,  Fourier  Inversion  of  the 
data  in  this  slice  should  yield  a  projection  image  of  the  brightness  distri¬ 
bution  of  the  source  as  projected  on  a  plane  parallel  to  that  of  the  slice. 

The  results  of  2-D  digital  Fourier  Inversion  of  the  correlogram  slice  of 
Fig.  5(b)  after  interpolation  is  shown  in  Fig.  5(c).  This  preliminary  result 
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represents  the  first  successful  experimental  verification  of  the  concept  of 
projective  imaging  of  3-D  detail  of  an  incoherently  emitting  object  employing 
spectrally  selective  cross-correlation  measurements  or  equivalent  cross-spectral 
density  measurement.  The  results  pave  the  way  to  true  3-D  tomographic  imaging 
of  such  objects  and  raise  intriguing  questions  on  the  3-D  object  information 
content  in  random  wave-fields  produced  by  thermally  emitting  objects. 
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APPENDIX  X 


SPECKLE  SUPPRESSION  BY  WAVELENGTH  DIVERSITY 


Considerable  progress  in  the  understanding  of  speckle,  its  use,  and 
its  elimination  has  been  achieved  (see  for  example  [1]— [4])  following  the 
advent  of  the  laser  when  the  observation  of  speckle  and  its  related  phenomena 
became  a  routine  everyday  occurrence.  This  progress  has  resulted  in  good  under¬ 
standing  of  the  statistics  of  speckle  patterns  formed  in  polarized  monochro¬ 
matic  electromagnetic  fields.  These  are  shown  to  result  from  a  classical  random 
walk  in  the  complex  plane  with  the  resulting  irradlance  fluctuations  obeying  a 
negative  exponential  law  and  the  contrast  of  the  speckle  pattern,  defined  as 
the  ratio  of  the  standard  deviation  to  the  mean,  being  equal  to  unity  [8] . 
Examples  of  millimeter  wave  images  illustraing  the  deleterious  effect  of  speckle 
on  image  quality  and  effective  resolution  are  shown  in  Figs.  1  and  2.  Most 
methods  for  the  reduction  of  speckle  [l],[2],[3]-[8]  rely  on  either  frequency 
diversity,  spatial  or  angular  diversity,  or  polarization  diversity  all  of 
which  are  naturally  present  in  wavelength  and  polarization  diversity  imaging. 

In  particular  the  effect  of  wavelength  diversity  in  suppressing  speckle  can  be 
explained  in  terms  of  decorrelation  of  the  speckle  patterns  at  the  various  re¬ 
cording  frequencies  making  thus  the  effect  of  speckle  on  the  recorded  data  re¬ 
semble  that  of  random  noise.  It  can  be  appreciated  from  this  brief  discussion 
of  speckle  that  the  wavelength  and  polarization  diversity  imaging-  method  has 
inbuilt  mechanisms  for  suppressing  speckle  noise.  This  leads  us  to  expect 
that  the  reduction  by  speckle  of  the  information  content  of  obtained  Images 
should  not  be  excessive.  This  speckle  combating  capability  is  one  of  the  most 
significant  featuras  of  wavelength  and  polarization  diversity  imaging  allowing  it 
to  combine  the  best  of  two  worlds,  the  world  of  Incoherent  imaging  where  speckle 
noise  is  nonexistent  and  the  world  of  coherent  Imaging  where  sensitive  heterodyne 
detection  techniques  and  versatile  data  acquisition  and  processing  is  available. 


t'  VTO  V  S. 


V  ••  V  S' 


Our  research  program  calls  for  closer  examination  of  the  effect 

of  speckle  noise  on  information  content.  Therefore  to  understand  the  role 

of  wavelength  diversity  in  suppressing  speckle  we  consider  an  ideal  X-diversity 

imaging  situation  in  which  the  p-space  of  the  object  is  accessed  over  a  ball  of 

radius  p  -  2k  by  monostatic  multiaspect  interrogation  of  a  scattering 
o  o 

object  over  an  angular  aperture  of  4ir[sr].  The  volume  of  this  ball 
in  Fourier  space  is  represented  by. 


(  1  .  ><fo 

H(p)  -  J  (1) 

1  0  .......  elsewhere 


The  3-D  impulse  response  or  point.  &pA.ead  function  (PSF)  obtained  by  3-D 
Fourier  transformation  of  eq.  (1)  is  [9], 

_  4wp  3 

h(r)  - - SL_  {ainc  (p  r)  -  cos  (p  r)}  (2) 

<P0r>2 

and  is  seen  to  be  spherically  symmetric.  In  eq.  (2)*  r  is  a  position  vector 
In  spatial  domain.  In  comparison  H(p)  for  a  spherical  shell  in  p'-space  of  radius 
p-p  and  unit  strength  can  be  described  by  [9], 


H(p) 


1. 


p  <p<p  +  e,  e  «  p 
*o  v  o  ro 

elsewhere 


(3) 


which  can  be  accessed  by  using  monochromatic  radiation  at  wavenumber  k  ■  p  /2 

o  o 

and  angular  diversity  of  4ir[sr] .  Fourier  inversion  of  eq.  (3)  yields,  the 
3-D  PSF, 


h(r)  -  sine  (p  r) 


(4) 


Equation  (2)  can  be  utilized  to  determine  the  3-D  PSF  of  a  spherical  shell 
in  p-space  extending  from  p^  to  p£  >  p^  by  simply  replacing  pQ  in  eq.  (2) 
by  p^  and  p^  respectively  and  subtracting  the  two  resulting  expressions. 

This  procedure  can  be  also  extended  to  evaluation  of  the  PSF  of  a  series  of 
concentric  p-space  spherical  shells  of  arbitrary  thickness  arising  wheu 
frequency  diversity  measurements  extending  over  several  available  nonover¬ 
lapping  frequency  bands. 

Using  the  above  results  the  PSF  for  monochromatic  and 
broadband  (wavelength  diversity)  imaging  systems  operating  in  different 
regions  of  the  ywave  and  mmw  spectrum  were  computed.  The  results  are  shown 
in  Figs.  3  and  4.  In  Fig.  3(a),  the  monochromatic  18  GHz  PSF  (inner  curve) 
and  the  broadband  (2-18)  GHz  PSF  (outer  curve)  are  compared.  Similar  results 
are  shown  in  (b)  and  (c)  for  17  GHz  versus  (6-17)  GHz  and  40  GHz  versus 
(2-40)  GHz.  The  3  dB  width  Ar3dB,  first  zero  crossing  ArzerQ,  and  the 
first  sldelobe  level  for  all  these  cases  are  summarized  in  Table  I.  It  is  evi¬ 
dent  from  the  results  shown  that  wavelength  or  frequency  diversity  results  in  a 
slight  broadening  of  the  PSF  but  has  the  important  effect  of  suppressing  the  side 
lobes  of  the  PSF  as  compared  with  those  for  the  monochromatic  shortest  wavelength 
(or  highest  frequency)  in  each  case.  The  degree  of  sldelobe  suppression  is 
greater  the  smaller  the  value  of  the  lower  bound  on  the  frequency  spectrum 
utilized.  Of  significance  is  the  fact  that  the  PSF:  for  the  (2-18)  GHz  and 
the  (2-40)  GHz  cases  is  essentially  unipolar,  l.e.,  they  are  essentially 
positive  real  as  for  ■Lncoh&iznt  imaging  systems  that  exhibit  no  speckle  noise. 
Similar  behavior  is  exhibited  in  Fig. 4  and  Table  II  which  present  similar 
results  for  the  PSF  of  several  idealized  monochromatic  and  broadband  imaging 
systems  operating  in  the  (18-96)  GHz  range.  The  broadband  (18-96)  GHz  case  is 
computed  for  three  non-overlapping  waveguide  bands  where  travelling  wave  tube 
amplifiers  are  commercially  available.  These  results  show  that  high  resolu¬ 
tion  speckle  free  wavelength  diversity  imaging  is  possible  through  the  use  of 
broad  frequency  bands  with  small  lower  frequency  limit. 
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Finally  In  this  section  it  is  worth  pointing  out  that  the  PSFs  of 
the  solid  sphere  (ball)  and  the  spherical  shell  sampling  formats  in  p-space 
described  by  eqs.  (2)— (4)  are 

behavior.  The  similarity  of  the  two  PSFs  becomes  Immediately  evident  when 
one  applies  the  projection  slice  theorem  (Appendix  VI)  to  the  two  sampling 
formats  as  elaborated  upon  in  Appendix  V.  As  long  as  the  p-space  sampling 
format  has  in  any  direction  an  extended  projection,  as  is  true  for  the  ball  and 
the  spherical  shell  where  the  projection  areas  are  also  equal,  the  3-D  PSF  will 
contain  a  sharp  central  peak.  Accordingly  if  we  were  to  access  the  p-space 
of  an  object  over  a  portion  of  the  spherical  shell  (a  cap)  as  is  done  in 
conventional  monochromatic  "sector  scanning"  or  "rotational  scanning"  [10], 

[11]  one  can  lose  the  3-D  Imaging  capabilities  very  rapidly  as  the  depth  of 
the  cap  diminishes  (case  of  lensless  Fourier  transform  hologram  discussed  in 
[11]).  This  is  so  because  not  all  directional  projections  of  a  shallow  cap  are  ex¬ 
tended  in  area  and  therefore  not  all  central  slices  of  its  PSF  are  of  compact 
support  (narrow  extent).  The  above  reasoning  provides  a  new  and  general  way 
of  viewing  imaging  processes,  whether  broad-band  or  narrow,  in  such  a  way 
as  to  enhance  our  insight  and  understanding. 
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MICROWAVE  IMAGE  RECONSTRUCTION  BY  BACKPROJECTION 


MICRONAVE  IMAGE  RECONSTRUCTION  BY  BACKPROJECTION 


In  this  appendix  we  show  that  a  method  for  image  reconstruction  other 
than  that  used  in  our  work  to  date  exists.  The  method  is  based  on  a  back- 
projection  algorithm  similar  to  that  employed  in  medical  computerised  axial 
tomography.  The  electromagnetic  inverse  scattering  basis  for  the  technique 
is  briefly  described  here  together  with  a  Fourier  optics  interpretation  of 
the  backprojection  algorithm.  Examples  of  Images  obtained  using  the  back- 
projection  algorithm  are  presented  and  compared  with  those  obtained  using 
Fourier  Inversion. 


Theoretical  Baals 

It  is  well  known  that  monostatic  or  bistatic  multiaspect  scattering 
measurement  techniques  can  be  used  to  access  the  Fourier  transform  of  a 
scattering  object.  The  far  field  measured  in  the  direction  of  the  unit 
vector  lg  due  to  plane  wave  illumination  In  the  direction  of  the  unit 
vector  1^  of  a  perfectly  conducting  scattering  body  is  given  by, 

1A.-J2kR 

UKp.R)  -  3  r<p)  (1) 

where  we  have  assumed  monostatic  probing  (lg  “  -1^)  with  R  being  the  dis' 
tance  between  the  transmitter/recelvar  and  the  origin  in  the  object  and 

where. 


r<?) 


/  y(r)  eJp#r  dr 
obj 


(2) 


is  obtained  from  the  measured  field  (1)  by. 


r<p)  =  -  ej2kR  U»(p.R) 


(3) 


p  and  r  being  position  vectors  In  Fourier  space  and  object  space  respec¬ 


tively,  with. 


p  • k  <h  -  V  - 


p  •  IpI 


2k  cos  %  ,  k  ■  — 

4  C 


Here  a  Is  the  angle  between  1R  and  1^  and  the  monostatic  case  is  denoted  by 
a  ■  0.  The  scattering  function  y(r)  represents  the  3-D  distribution  and 
strengths  of  scattering  centers  on  the  object.  It  is  given  by  the  3-D  Fourier 
inversion  of  T(p), 


Y(r)  -  —  ^  f  r(?)  e“jp*r  dp 


Equations  (2)  to  (5)  indicate  that  the  3-D  Fourier  space  of  the  scattering 
object,  l.e.,  the  Fourier  transform  of  the  scattering  function,  can  be 
measured  by  changing  k  for  various  fixed  values  of  1R  over  a  finite  region 
of  p-space  (Fourier  space)  along  radial  lines  emanating  from  the  origin  of  a 
Px,Py,P(  coordinate  system.  The  exact  shape  and  size  of  the  accessed 
Pourler  volume  depends  on  the  values  assumed  by  the  vector  p  l.e.,  on  the 
spectral  window  utilized  and  on  the  range  of  aspect  angles  of  the  object 
for  which  the  scattered  field  is  measured. 

To  simplify  the  following  analysis,  without  loss  of  generality  of  the 
results,  we  assume  y(r)  consists  of  a  collection  of  point  scatterers  of 


amplitudes  a^  located  at  r^  which  can  be  represented  by  an  array  of  three 
dimensional  delta  functions  of  weights  a^, 


(7) 


Y(r)  -  Z  a.  6(r-r.) 
i 


where  6  is  Che  Dirac  delta  function.  Combining  eqs.  (2)  and  (7) 


T(p)  ■  Z  a.  e 
i 


Jp*r4 


(8) 


Now  for  any  fixed  direction  1^  eq.  (1)  becomes 


_J2~  R 


<l>(w) 


.  Jo*6 


2TO—  r  V 


<  co  <  a>2 


(9) 


The  inverse  Fourier  transform  of  ip <<o>  /to  represents  the  temporal  impulse 
response  of  the  object  as  measured  from  the  direction  1R .  This  will 
be. 


-Jr  R 


g(t)  £  F  {  ^  }  -  —*-7  £  H(u)  e  c  T(2^  1  )  ejut  du)  (10) 
“  (2vV  C  R 


where. 


H(u) 


{ . ""•'1 


(11) 


represent  the  rectangular  spectral  window  utilized  in  the  measurement  ex¬ 


tending  from  0)^  to  uig.  Making  use  of  eq.  (8)  in  (10)  and  making  use  of 
eqs.  (4)  and  (5)  we  obtain. 


j  »  J2cVri  -J2?R 

g<t)  -  -J-y  /  H(u)  Z  a.  e  c  *  1  e  c  e 

(2ir)Z  —  1 
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4-  *  ai  -  T  +  a  ivl'h)] 

(2  TT)ZR  i  1  C  C  1  R 


where  h(t)  Is  the  Inverse  Fourier  transform  of  H(u>).  The  advantage  of 
using  wide  spectral  windows  that  make  h(t)  approach  a  delta  function  are 
obvious.  In  that  case  the  temporal  impulse  response  of  the  object  as 
measured  from  a  given  direction  lg  will  be  composed  of  a  train  of  narrow 
impulses  occurring  at, 

‘i  *  I « -  vV  <u> 

All  scattering  centers  for  which 

r^-lg  «  const  (15) 

are  seen  to  occur  at  the  same  time.  Equation  (15)  is  that  of  a  plane 
normal  to  lg.  Therefore  all  scattering  centers  lying  in  a  plane  normal 
to  lg  will  contribute  a  combined  echo.  The  impulse  response  g(t)  repre¬ 
sents  therefore  the  projection  of  the  scattering  strengths  of  all  scattering 
centers  of  the  object  that  lie  in  planes  normal  to  lg  on  a  line  parallel  to  1R. 

In  other  words  g(t)  measures  the  projection  of  the  3-D  scattering  function 
y(r).  of  the  object  on  a  line  parallel  to  lg  which  we  call  the  pfiojzction 
Linz,  By  repeating  the  measurement  g(t)  for  a  sufficiently  large  number 
of  different  directions  lg  (different  object  aspects),  enough  such  3-D  to  1-D  pro¬ 
jections  can  be  obtained  to  allow  reconstructing  y(r)  by  backprojection. 

The  required  backprojection  algorithm  would  consist  of: 

(a)  Alignment  of  the  various  g(t)s  in  time  to  eliminate  any  unequal 
propagation  time  delay  2R/c  as  could  occur  when  an  array  of  transmitter/ 
receiver  stations  is  employed  in  interrogating  the  object  from  different 


aspects  and  the  range  R  between  each  station  and  a  prescribed  origin  on 
the  object  are  not  equal.  One  way  of  making  this  alignment  is  the  TDR 
method  described  in  Appendix  VII.  Another  is  based  on  cross-correlating 
the  impulse  responses  g(t)  belonging  to  angularly  adjacent  observations 
(looks).  Since  for  adjacent  aspect  angles  the  g(t)s  will  be  caused  mostly 
by  the  same  scattering  centers  they  will  be  highly  correlated.  The  time  dis¬ 
placement  between  adjacent  g(t)'s  required  to  achieve  maximum  correlation 
represents  then  the  relative  shift  in  the  location  of  the  scattering  centroid 
of  the  object.  The  shifts  between  successive  angularly  adjacent  looks  can 
then  be  used  to  sequentially  correct  the  time  delays  of  the  g(t)s  obtain  the 
required  alignment.  Once  this  time  alignment  or  equivalent  range  correction 
is  achieved  one  proceeds  to  the  next  step  of  the  algorithm. 

(b)  The  second  step  of  the  backproj action  algorithm  consist  of  orient¬ 
ing  the  range  corrected  functions  g(t)  in  3-D  space  along  the  directions  of 
their  lg  vectors  and  backprojectlng  or  "smearing"  the  values  of  each  g(t) 
in  space  into  planes  normal  to  the  lines  of  projection  and  adding  the 
results  in  3-D  space  to  reconstruct  an  image  of  y{r).  ■ 

Our  work  to  date  has  focused  on  accessing  a  single  slice  in  the  Fourier 
space  of  the  scattering  object  by  changing  the  object  orientation  in  azimuth 
only.  A  projection  image  of  the  scattering  centers  of  the  object  is  then 
retrieved  by  Fourier  inversion  of  the  polar  formated  slice  data  or  "slice  holo¬ 
gram"  (see  Appendix  VII) .  Clearly  each  radial  line  in  the  polar  formated  p-space 
slice  represents  the  frequency  response  of  the  object  measured  from  a  different 
aspect  angle.  Fourier  Inversion  of  the  data  in  a  given  radial  line  yields, 
as  discussed  earlier  a  "temporal  response"  or  "finite-width- impulse  response" 
which  represents  essentially  the  projection  of  the  scattering  centers  of  the 


3-D  object  on  a  line  in  the  lp  direction.  Zn  other  words ,  multiaspect  fre¬ 
quency  response  measurements  of  an  object  represent  indirectly  the  projec¬ 
tion  of  the  scattering  centers  of  the  3-D  object  on  lines  of  different 
orientations  determined  by  the  directions  of  viewing.  This  suggests  as 
pointed  out  earlier  that  image  reconstruction  should  be  implementable  using 
some  sort  of  backprojection  algorithm.  Indeed  the  feasibility  of  such  an 
algorithm  can  be  appreciated  by  examining  the  coherent  optical  Fourier  trans¬ 
form  arrangement  of  Fig.  1(a)  utilized  in  optical  image  retrieval.  The  re¬ 
constructed  image  resulting  from  the  optical  Fourier  transform  of  the  fan¬ 
shaped  pattern  r(p,<j>)  of  the  projection  or  slice  hologram  in  Fig.  1(a)  can 
be  viewed  as  being  produced  by  coherent  superposition  of  the  Fourier  trans¬ 
forms  of  the  individual  radial  (constant  $)  lines  in  the  hologram.  An  ex¬ 
ample  of  the  Fourier  transform  of  two  such  lines  is  shown  in  Fig.  1(b) 
where  the  Fourier  transform  of  each  line  is  seen  to  be  smeared  uniformly  in 
the  Fourier  plane  or  image  plane  in  a  direction  normal  to  each  line.  Super¬ 
position  of  these  two  smeared  complex  field  patterns  in  the  image  plane  pro¬ 
vides  the  contribution  of  the  data  in  the  two  radial  hologram  lines  to  the 
image.  This  Fourier  optics  interpretation  of  the  optical  image  retrieval 
process  should  also  be  Implementable  digitally  by  Fourier  inversion  of  the  in¬ 
dividual  frequency  responses  in  the  projection  hologram  (or  slice  hologram)  for 
each  $  to  obtain  a  collection  of  corresponding  temporal  responses.  By  proper 
temporal  and  angular  alignment  of  these  temporal  responses  as  described  earlier 
and  by  smearing  or  back-projecting  each  in  a  direction  normal  to  its  angular 
orientation  and  adding  all  the  backprojected  data  at  every  point  coherently  we 
expect  to  reconstruct  the  image  of  the  object.  One  aim  of  our  backprojection 
reconstruction  effort  is  to  analyze  and  study  backprojection  algorithms  digitally  to 


FOURIER  PLANE 
(IMAGE  PLANE) 


71g.  1.  Fourier  optics  interpretation  of  back-projection  algorithm, 
(a)  Optical  Fourier  transform  of  p-space  grojection  or 
slice  hologram,  (b)  Contribution  of  two  p-space  lines 
to  retrieved  image. 
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see  whether  they  offer  any  advantages  over  the  digital  2-D  interpolation/Fourier 
transform  method  used  in  obtaining  the  images  shown  earlier.  For  example  an  lmme 
dlately  recognized  advantage  of  the  back-projection  algorithm  over  the  FFT  algo¬ 
rithm  is  that  it  does  not  require  data  transformation  from  polar  to  rectangular 
formats  as  needed  for  applying  the  2-D  digital  Fourier  transform.  Data 
interpolation  may  therefore  not  be  necessary.  Another  advantage  is  that 
the  range  normalization  and  "phase  tweeking"  algorithm  described  in  Appendix 
VII  are  directly  applicable  to  the  temporal  response  data  for  synthesis  of 
a  TDR.  It  is  also  an  aim  of  this  aspect  of  our  study  to  apply  a  variety  of 
filtering  operations,  that  have  been  successfully  utilized  in  tomographic 
x-ray  reconstruction  from  back-projections,  to  the  temporal  response  data 
before  backprojectlng  and  reconstructing  the  image  and  to  assess  their  influence 
on  image  quality. 


serimental  Results 


Preliminary  results  of  an  image  retrieved  by  digital  Implementation  of 
the  backprojection  algorithm  described  above  are  presented  in  Fig.  2.  The 
data  utilized  is  that  of  the  B-52  scale  model  test  object  collected  as 
described  in  Appendix  VII  and  employed  there  to  retrieve  the  image  shown  in 
Fig.  4  of  that  Appendix  by  Fourier  inversion.  Figure  2  shows  a  sequence  of 
3  photographs  Illustrating  how  the  image  emerges  as  data  from  an  increasing 
number  of  projections  are  added.  In  obtaining  the  result  in  Fig.  2  each  line 
in  the  p-space  data  utilized  was  Individually  multiplied  by  a  ramp  function 
or  passed  through  an  R&L  filter  [1]  before  Fourier  inversion  to  obtain  the 
corresponding  temporal  impulse  responses  to  which  backprojection  is  applied 
after  temporal  and  angular  alignment.  Comparison  of  the  result  in  Fig.  2 


•f.v; 


(a)  Fro*  first  projection 


(b)  First  ten  projections 


(c)  Reconstructed  image  from 
all  128  projections 


Results  of  backprojection  reconstruction  of  B-52  employing 
ramp  filtering. 


and  that  In  Fig.  4  of  Appendix  VII  obtained  by  Fourier  inversion  shows  that 
the  backprojection  algorithm  produces  sharper  images  of  the  visible  scatter¬ 
ing  centers  of  the  B-52  but  with  "wispy"  trailing  edges.  The  image  shown 
in  Fig.  2  represents  the  first  backprojection  reconstruction  of  a  microwave 
object  from  realistic  data.  Growing  interest  in  the  back  projection  algo¬ 
rithm  is  becoming  evident  in  the  literature  for  some  of  the  reasons  indi¬ 
cated  earlier  [2], [3].  Work  on  this  aspect  of  our  research  program  is  con¬ 
tinuing. 
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